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Unveiling the Nanoarchitectonics of Interfacial Electronic
Coupling in Atomically Thin 2D WO, /WSe, Heterostructure
for Sodium-lon Storage in Aqueous System

Pragati A. Shinde,* Vikram Mahamiya, Moein Safarkhani, Nilesh R. Chodankar,
Masaki Ishii, Renzhi Ma, Amal Al Ghaferi, Lok Kumar Shrestha,* and Katsuhiko Ariga*

Aqueous sodium (Na™) ion storage systems face challenges due to sluggish
adsorption and diffusion of Na* ions with larger size, hindering their potential
for stationary applications. This issue is addressed by evolving the interfacial
electronic coupling in atomically thin 2D WO, /WSe, heterostructure for
efficient Na™ ion storage. Density functional theory (DFT) analysis elucidates
the superior charge storage capability for the WO, /WSe, heterostructure
facilitated by the charge transfer from the WO, — WSe, (002). The charge
transfer from the W-5d and O-2p orbitals of WO, to the valence W-5d and
Se-4p orbitals of the WSe, (002) surface boosts the electronic conductivity. As
a result, the WO, /WSe, electrode demonstrates exceptional Na* ion storage,
with a specific capacitance of 378.1 F g~ at 1 A g, excellent rate capability,
and long-lasting cycling durability. The full cell comprising WO, /WSe, as the
negative and MnSe/MnSe, as the positive electrode achieved a peak energy
density of 82.1 Wh kg at a power density of 1873.5 W kg~', along with high
rate capability and long-cycle durability. Insights gained from this study pave
the technique for the rational design and optimization of the interfacial
electronic features in 2D heterostructures for next-generation energy storage
devices with enhanced performance and stability.

1. Introduction

Electrical energy storage (EES) systems are
a promising and significant class of energy
storage technologies. They offer advantages
in safety, cost-effectiveness, scalability,
and environmental sustainability.!! EES
systems can store and supply intermittent
power, making them useful in electric
vehicles (EVs), large-scale energy stor-
age for power generation, and consumer
electronics. Numerous EES systems have
been developed, unveiling different charge
storage mechanisms and application areas.
Among them, electrochemical capacitors
(ECs) dominate in meeting high-power
demands, while rechargeable lithium-ion
batteries (LIBs) excel in storing high-
energy.?l  Remarkably, next-generation
aqueous metal-ion energy storage sys-
tems utilizing metals such as sodium, zinc,
potassium, magnesium, and aluminum are
expected to become the primary choice for

P. A. Shinde, M. Ishii, R. Ma, L. K. Shrestha, K. Ariga N. R. Chodankar
Research Center for Materials Nanoarchitectonics (MANA)
National Institute for Materials Science (NIMS)

1-1 Namiki, Tsukuba 305-0044, Japan

E-mail: shinde.pragatiankush@nims.go.jp;
shrestha.lokkumar@nims.go.jp; ariga.katsuhiko@nims.go.jp

A. A. Ghaferi
Rabdan Academy
V. Mahamiya

The Abdus Salam International Centre for Theoretical Physics (ICTP)
Trieste 1-34151, Italy

M. Safarkhani

NanoBio High-Tech Materials Research Center

Department of Biological Sciences and Bioengineering

Inha University

Incheon 22212, Republic of Korea

L. K. Shrestha

K. Ariga

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202406333

© 2024 The Author(s). Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/adfm.202406333

Adv. Funct. Mater. 2024, 34, 2406333 2406333 (1 of 16)

Mechanical Engineering Department
Khalifa University of Science and Technology
Abu Dhabi 127788, United Arab Emirates

Abu Dhabi 114646, United Arab Emirates

Department of Materials Science
Institute of Pure and Applied Sciences
University of Tsukuba

1-1-1, Tsukuba 305-8573, Japan

Graduate School of Frontier Sciences
The University of Tokyo
5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8561, Japan

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH


http://www.afm-journal.de
mailto:shinde.pragatiankush@nims.go.jp
mailto:shrestha.lokkumar@nims.go.jp
mailto:ariga.katsuhiko@nims.go.jp
https://doi.org/10.1002/adfm.202406333
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202406333&domain=pdf&date_stamp=2024-07-03

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

a sustainable yet safe future.l*] Considering this advantage, most
recently, aqueous sodium-ion capacitors (ASIC) are particularly
promising owing to the richness of sodium resources and com-
patibility with existing industrial systems.[*] ASIC consists of a
battery/pseudocapacitive anode and a capacitive cathode. How-
ever, ASIC faces challenges because of the sluggish reaction ki-
netics among intercalation-type and electric double-layer capac-
itor (EDLC)-type electrodes. This challenge is more pronounced
for ASIC because of the large radius of Na* ions (1.02 A), hinder-
ing their redox kinetics for high-rate performance. Developing
pseudocapacitive cathodes and anodes with wide interlayer spac-
ings for Na* ion storage could significantly improve ASIC energy
density and rate performance. The pseudocapacitive mateials are
fascinating and the research related to the pseudocapacitive ma-
terials hasn’t received as much attention as it deserves. With the
right materials, we could unlock new levels of performance and
efficiency in these integrated circuits.

Pseudocapacitive materials are redox-active, just like battery
materials. The only difference is that pseudocapacitive materials
can store the charge quickly, like conventional EDLCs, but with
higher energy storage capacity.’) However, when it comes to Na*
ion storage, there are a few challenges associated with pseudo-
capacitive materials. Fabricating pseudocapacitive materials with
desired morphologies, compositions, and structures can be chal-
lenging. Moreover, the prepared pseudocapacitive materials en-
sure that good electrolyte wetting, facial ion transport, and sta-
ble interfacial interactions in Na* ions based electrolytes are crit-
ical for achieving optimal storage performance. Among various
pseudocapacitive materials, the transition metal dichalcogenides
(TMDs) with layered structures offer 2D networks for Na* ion
intercalation/deintercalation and storage.[®] The reversible redox
reactions of Na* ions into layered materials were first stated in
the early 1980s.l”! Layered TMDs, specifically metal selenides
(MSe,), show great promise in electrochemistry owing to their
earth abundance, cost-effectiveness, high stability, and high the-
oretical capacity.®] Relative to metal oxides, M—X (X = S, Se)
bonds are weaker and more conducive to charge transfer reac-
tions. In MSe,, a metal atom is bonded with two selenide lay-
ers to form a sandwich structure (Se-M-Se), and neighboring Se-
M-Se layers are held together by weak van der Waals forces.[!
The considerable interlayer distance and weak interaction en-
able alkali ions to migrate quickly with low diffusion barriers,
allowing for easy intercalation reactions.['%! Besides its inherent
structural qualities that boost diffusion rates, the outstanding
capability of the electrode to store Na* ions also benefits from
its favorable conductivity."'l Compared with the metal sulfides,
the MSe, with Se atoms has a larger atomic radius and more
robust metallic properties than sulfur atoms, leading to metal
selenides with increased interlayer spacing and improved elec-
tronic conductivity.*?!

A practical approach to improve Na* ions storage performance
in TMDs is to enlarge the interlayer distance to enable Na* ion
diffusion.I'*) Among MSe,, WSe, stands out as one of the ex-
tensively researched materials because of its simple synthesis
and large interlayer distance (0.62 nm).['*] Despite its promising
electronic properties, the intrinsic conductivity may not be suf-
ficient for high-performance ASIC, potentially leading to slug-
gish charge transfer kinetics and limited electrochemical per-
formance. Different approaches have been proposed to address
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this issue, such as nanostructure tuning, doping, surface mod-
ification, etc.['®! Internal interface modification techniques are
one of the most effective ways to enlarge lattice spacings to im-
prove the electron/ion transport performance.l®! With this out-
line, heterostructures formed by combining materials with dif-
ferent band gaps (e.g., WO; — 2.6 eV, WSe,: 1.6 — V), show
promising potential in Na* ions storage performance. These
structures enable the formation of tailored heterointerfaces, en-
hancing the diffusion of large intercalated ions (e.g., Na*, Mg?*,
Zn?*), reducing charge transfer resistance, and enhancing struc-
tural flexibility during intercalation/extraction processes.'”) No-
tably, the spontaneous generation of an inherent electric field
and pseudocapacitance rising from quick redox reactions of-
fer fast charge—discharge rates. For instance, Jung et al.l*®! de-
signed self-assembled 1D WO,/2D WS, core-shell interfaces,
demonstrating superior cycling stability in hybrid supercapaci-
tors due to the rapid Na* ion transfer. Xavier et al.['¥! developed
a reduced graphene oxide/WO,/WS, nanocomposite, enhanc-
ing ion transport at the heterojunction interface and achieved
a specific capacitance of 750 F g7! at 10 mV s~! and excellent
rate performance. Heterostructures such as MoO,/MoSe,,!?’!
MoO,/MoS, 2l MoS, /WS, 22l Ti,C,T,/WSe,,!?}] and so forth
have been developed recently, exhibiting improved charge stor-
age performance. Although the benefits of intrinsic interface reg-
ulation in the heterostructures mentioned above are clear, the
combined effect of interface and heterostructure engineering
on aqueous Na-based systems remains poorly understood. Fur-
ther studies are needed to understand how tuning interfaces and
charge storage in layered materials can increase the energy den-
sity and rate performance of ASIC.

We have created atomically thin 2D nanosheets of WO, /W Se,
heterostructures efficiently using a scalable yet simple hydrother-
mal method which was followed by chemical vapor deposition
(CVD) directly on the carbon fiber (CF) substrate for efficient stor-
age of Na* ions. The integration of WO, /W Se, heterostructures
overcomes the challenge of sluggish adsorption and diffusion of
large-sized Na* ions. Density functional theory (DFT) calcula-
tions corroborate these findings, elucidating the superior electro-
chemical performance of WO, /W Se, heterostructures, primarily
attributed to charge transfer from the O-atoms of WO, to the
W-5d and Se-4p-orbitals of the WSe, (002) surface. Benefiting
from the large interlayer spacings and improved electronic con-
ductivity, the WO, /W Se, heterostructures deliver a specific ca-
pacitance of 378.1 F g7 at 1 A g7!, excellent rate performance,
and long-cycle durability. Further, the developed ASIC full cell
achieved an energy density of 82.1 Wh kg™ at a power density of
1873.5 W kg™' and maintained 53.3 Wh kg™' at 18735.4 W kg™,
respectively.

2. Results and Discussion

The synthesis protocol for growing 2D WO, /W Se, heterostruc-
tures directly on CF substrate is illustrated in Figure la. To
systematically study the consequence of selenization tempera-
ture on the growth of WSe, nanoflakes, crystallographic struc-
ture and Na* ion storage performance, a series of WO,/WSe,
samples were prepared under identical conditions with temper-
ature variations. Initially, WO, is grown on a CF substrate us-
ing a hydrothermal method, following procedures detailed in our
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Figure 1. a) Two-step synthesis protocol of the WO /WSe, heterostructures on CF. low-and high-magnification SEM images of WO; /WSe, heterostruc-

tures, b,c) WO3/WSe,-1, d,e) WO3/WSe,-2, f,g) WSe,-3 and h,i) WSe,-4.

previous work.?l WO, /CF and Se powder are utilized as pre-
cursors for producing WO,/WSe, heterostructures. WO, /CF is
placed in the middle of a tube furnace, which ramped to temper-
atures ranging from 600 to 900 °C over 10° per minute and held
for 2 h to facilitate growth. Simultaneously, Se powder is placed
upstream at a lower temperature zone (2350 °C) for Se evapora-
tion. A flow of 100 sccm N, serves as carrier gas throughout the
process. The method involves a straightforward inert-atmosphere
annealing process under Se vapors, which facilitates partial phase
conversion from WO, to WSe,. In this process, Se vapor serves
as a reducing agent, promoting the reduction of WO, by react-
ing with oxygen atoms in the WO, lattice to form volatile oxides,
thereby reducing the oxygen content in the material. The Se?~
continuously decomposes WO, from the surface to the interior,
replacing O%~ to form WSe,. The replacement of O is precisely
controlled at different temperatures (600, 700, 800, and 900 °C),
and induces structural modifications in the material. The result-
ing samples are denoted as WO, /WSe, — 1, WO, /W Se, —2, WSe,
-3, and WSe, — 4, corresponding to temperatures of 600, 700,
800, and 900 °C, respectively.

Scanning electron microscopy (SEM) was used to analyze the
surface morphology of prepared materials, offering insights into
the assembly of nanoflakes on CF. SEM images in Figure S1
(Supporting Information) reveal that WO, exhibits a stacked
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sheet-like structure, which is not particularly conducive to Na*
ions storage. Following the selenization process, WO, stacked
sheets were transformed into ultrathin nanoflakes, as depicted
in Figure 1b-i. Notably, the CF substrate is covered with ar-
rays of WO, /W Se, nanoflakes, with each nanoflake distinctively
separated and firmly adhering to the CF. WO,/WSe,-1 and
WO, /WSe,-2 exhibited similar ultrathin nanoflakes morpholo-
gies (Figure 1b—e). At high magnification, it became clear that
each nanoflake was separated, forming a star-like nanoarchitec-
ture with a lateral size of 500-700 nm and a thickness of less
than 5 nm. These nanoflakes effectively alleviate the stacking of
Se-W-Se layers, facilitating facile Na*t ion transport. The ultra-
thin appearance of these nanoflakes suggests that the presence
of WO, in the material, i.e., heterophase, dynamically influences
nanoflake thickness reduction. Such ultrathin nanoflakes hold
potential as electrodes for ASIC, offering a large electroactive sur-
face area, superior stability, and plenty of interspace for Na* ion
access, enhancing charge storage properties and overall electro-
chemical performance. Comparatively, the thickness of WSe,-3
nanoflakes (Figure 1f,g) appeared larger, suggesting that temper-
ature has kinetic influences on nanoflake thickness. Further in-
crease in selenization temperature for WSe,-4 (Figure 1h,i) re-
sulted in a gradual decrease of nanoflake size and an increase
in thickness, indicating that high-temperature selenization
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Figure 2. a—c) TEM images of WO;/WSe,-2 d-h) HRTEM image with interlayer spacings and corresponding SAED pattern and i) HAADF-STEM image

and EDS elemental maps of WO;/WSe,-2 heterostructures.

promotes nanoflake miniaturization, ultimately leading to the
formation of dense nanosheets. The Energy dispersive X-ray
spectroscopy (EDS) spectrum with element atomic% is shown
in Figure S2a (Supporting Information). The EDS mapping im-
ages for WO, /WSe,-2, revealing the uniform dispersal of W,
Se, and O elements on CF substrate (Figure S2b—f, Supporting
Information).

Furthermore, transmission electron microscopy (TEM) anal-
ysis was executed to explore the structure characteristics
of WO,/WSe, heterostructures. Figure 2a—c presents low-
resolution TEM images of one exposed corner of the star-
shaped WO, /WSe, heterostructure, clearly revealing the ultra-
thin nanosheets. Figure 2d provides a high-resolution TEM im-
age of the heterostructure interface at the atomic scale, demon-
strating evident lattice mismatch. This mismatch between the
WO, and WSe, interfaces can induce strain within the struc-
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ture and potentially modify the local electronic structures, im-
pacting the Na* ion transfer process. In Figure 2d, the up-
per side corresponds to WSe,, while the lower side represents
WO,;. The atomic arrangement at the interface indicates the
successful synthesis of a well-defined WO, /WSe, heterostruc-
ture with a clear interface boundary. Notably, WO, nanosheets
are inclined to align themselves on the threefold symmetric di-
rections of primary WSe,, as depicted in the figure. The high-
resolution transmission electron microscope (HRTEM) image
displays a lattice spacing of 0.25 nm, corresponding to the (100)
planes of WO, (Figure 2d). The polygonal diffraction patterns ex-
hibit crystal plane spacings of 0.28 nm, aligning with the (100)
planes of WSe,, consistent with reported values for WO, and
WSe,.[] As depicted in the HRTEM result (Figure 2e), an in-
terlayer distance of 0.621 nm was identified for the (200) plane
of WSe,.[2] This lattice spacing is sufficient to accommodate a
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number of Na* ions (1.02 A). The well-ordered honeycomb struc-
ture of WSe, is visible in Figure 2f,g. The selected area elec-
tron diffraction (SAED) of WO, /W Se,-2 demonstrates high crys-
tallinity, with the diffraction rings allocated to (100) and (110)
planes of 2H-WSe, (Figure 2h).[?’! The scanning TEM (STEM)
images and corresponding elemental mappings show that W,
Se, and O elements are uniformly distributed over the entire
nanosheets (Figure 2i). These results indicate the successful for-
mation of WO,/WSe, heterostructures through a simple vapor
adsorption/selenization process with WO,. Notably, numerous
defect sites are generated near the WO, /WSe, heterointerface,
offering adequate active sites to enable Na* ion intercalation and
enhance ion/electron diffusion kinetics in ASICs. Additionally,
atomic force microscopy (AFM) was conducted to determine the
thickness of WO,/WSe,-2 nanosheets, as illustrated in Figure
S3 (Supporting Information). The AFM images reveal that the
WO, /WSe,-2 heterostructures are composed of numerous small
nanoflakes. Figure S3d (Supporting Information) presents two
section profiles marked by black and red lines, indicating that
the thickness of the nanoflakes ranges from 8 to 22 nm.

To investigate the impact of selenization treatment at differ-
ent temperatures on physical properties and chemical compo-
sitions, X-ray diffraction (XRD) analysis was performed. The
WO, /WSe, nanoflakes were synthesized through the seleniza-
tion of WO, nanoblocks under the N, atmosphere, where se-
lenium topochemically substitutes oxygen from WO,, leading
to the formation of WO,/WSe, or WSe,. The XRD patterns of
WO, /WSe,-1, WO, /WSe,-2, WSe,-3, and WSe,-4 are illustrated
in Figure 3a. After selenization, WO,/WSe,-1 and WO, /W Se,-
2 maintained characteristic diffraction peaks attributed to WO,
at 20 values of 22.9°, 23.4°, 24.4°, 28.6°, 33.6°, and 41.5°, corre-
sponding to the (002), (020), (200), (022), (202) and (222) planes
of triclinic WO, P121/n1 (JCPDS 83-0947).1%] The intensity of
these peaks in WO, /W Se,-2 was slightly reduced, indicating par-
tial replacement of O sites by Se, profoundly influencing the crys-
tallinity of WO;. Also, diffraction peaks attributed to WO; were
decreased in WO, /W Se,-2, indicative of lattice distortion caused
by heterogeneous interface formation. Notably, peaks observed at
20 0f13.4°,31.4°,37.7°,41.6°,47.3°,55.8°,57.8°, and 65.5° corre-
sponded to (002), (100), (103), (006), (105), (110), (112), and (108)
planes, respectively, for 2H WSe, with space group P63/mmc
(JCPDS: 38-1388), confirming the formation of WO, /WSe, het-
erostructures, consistent with HRTEM results.[?°! Furthermore,
with increasing selenization temperatures for WSe,-3 and WSe,-
4, characteristic diffraction peaks of WO, were replaced by those
of WSe,. XRD refinement analysis conducted using powder X-
ray diffraction profile analysis (PDXL) software revealed the con-
centration of WSe, in WO,/WSe,-1, WO, /WSe,-2, WSe,-3, and
WSe,-4 as 11.5%, 70.4%, 78.5%, and 92.0%, respectively, indi-
cating increase in WSe, content with temperature, ultimately
forming pure WSe, phase (Figure 3b). Notably, for WSe,-4, a
pure 2H-WSe, phase was observed, signifying complete conver-
sion from WO, to 2H-WSe, through O-to-Se topochemical sub-
stitution. Thus, the study elucidates the transformation of WO,
into WO, /W Se, heterostructures and eventually into pure WSe,
with increasing selenization temperature, as evidenced by XRD
analysis.

The crystal structure and corresponding charge transport fea-
tures at the interface of the WO,/WSe, heterostructure are
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presented in Figure 3c. Notably, the layered structures are
highly suitable for the intercalation and deintercalation of small-
diameter ions. Both WO, and 2H-WSe, possess layered struc-
tures. The redistribution of charges at the heterostructure in-
terface contributes to the feature of interface charge reloca-
tion, which forms an electric dipole at the interface.’%! The
charge transfer between WO, and WSe, indicates a strong
donor—acceptor contact, thereby enhancing the electrochemical
activity and establishing an electric field conducive to charge
transport.3! Van der Waals and electrostatic forces develop a con-
nection between WO, and WSe, at the interface. Remarkably,
the charge transfer across the WO; and WSe, interface is sig-
nificantly improved due to the efficient injection of holes from
WO, into WSe,. The hybridized W d-orbitals and O p-orbitals
donate to the conduction band (CB) minimum from WO,, while
simultaneously, hybridized W d-orbitals and Se p-orbitals con-
tribute to the valence band (VB) maximum from WSe,. Since the
CB of WO, is lower than WSe,, a negative CB offset is devel-
oped, ensuring the density of electrons in a higher energy level of
WO, from the CB level of WSe,. Consequently, WO, /WSe, het-
erostructure interface facilitates electron mobility. Thus, because
of the exclusive crystal structure and charge transfer mechanism
between WO, and WSe,, the WO, /W Se, heterostructure inter-
face exhibits efficient charge transfer, enhanced electrochemical
activity, and facilitates electron mobility.

X-ray photoelectron spectroscopy (XPS) analysis was used to
investigate the phase formation and element oxidation states,
providing insight into the phase configuration. The XPS analy-
sis results of WO,/WSe,-1, WO,/WSe,-2, WSe,-3, and WSe,-4
samples are shown in Figures 3d-f and S3 (Supporting Informa-
tion). As represented in Figure S4 (Supporting Information), the
survey scan spectra validate the occurrence of W, Se, O, and C
elements deprived of any impurities. The W 4f core-level spectra
of WO, /WSe,-1 and WO, /W Se,-2 were disentangled into a cou-
ple of doublet peaks, equivalent to the binding energies of two
W oxidation states. Specifically, the disentangled doublet peaks
located at 35.7 and 37.9 eV were allocated to 4f;), and 4f; , orbital
electrons of W oxidation states for the W-O in WO,, respec-
tively (Figure 3d).??] In contrast, the peaks at 32.5 and 34.7 eV
are matches to 4f,, and 4f; , orbital electrons of W** for the W-
Se in 2H-WSe,.[2>33] The peaks associated with WSe, exhibit a
lower binding energy of 3.2 eV compared to those correspond-
ing to WO, validating the movement of electron clouds from the
electron-abundant WO, to the electron-deficient WSe,, thereby
establishing an inherent electric field at the heterostructure in-
terfaces and enhancing the kinetics of charge transfer.**) Weak
peaks at 37.9 eV observed in WSe,-3 and WSe,-4 correspond to
surface W-oxide due to oxidation during sample handling. The
peaks at 32.5 and 34.7 eV, matched with W* 4f, , and 4f;),
of WSe,, respectively. In the high-resolution Se 3d spectra, two
peaks centered at 54.8 and 55.7 eV are allocated to Se 3ds;, and
Se 3d;, for W—Se bonding,**! respectively (Figure 3e). Notably,
no peak is observed beyond 58.0 eV, indicating the absence of
Se—O bonds and confirming that WO, and WSe, are interfaced
via van der Waals forces.?® In O 1s spectra (Figure 3f), the cen-
tral peak situated at 530.7 eV suggests a lattice oxygen (W—O0)
bond, while a small peak at 531.8 eV can be attributed to defective
oxygen (0%-).37] Overall, the prepared samples predominantly ex-
hibited the 2H-WSe, phase, consistent with XRD analysis. This
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Figure 3. Structural characterizations of WO;/WSe,-1, WO3;/WSe,-2, WSe,-3, and WSe,-4. a) XRD patterns and b) WO; and WSe, phase proportion
ration in WO3/WSe,-1, WO;3/WSe,-2, WSe,-3, and WSe,-4. c) schematic illustration for charge transfer behavior at WO; -WSe, heterointerface. Core
level XPS spectra of d) W 4f and e) Se 3d f) O 1s in WO;/WSe,-1, WO;3 /WSe,-2, WSe,-3, and WSe,-4.

observation suggests that the phase conversion from WO, to 2H-
WSe, occurs during high-temperature selenization treatment, as
O ions with strong chemisorption properties are replaced by Se.

2.1. Density Functional Theory (DFT) Calculations

We start our calculations by performing the geometry optimiza-
tion of stable phases of WO, and 2H-WSe,. The WO, structure is
stabilized in pseudocubic triclinic crystal with lattice parameters
a=768A b=7.69A, and c = 7.76 A, while WSe, is hexago-
nal with lattice parameters a =b = 3.33 A and c = 13.85 A. The
optimized lattice parameters are matching with the literature.*®!
The optimized geometries of WO, and WSe, are presented in
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Figure 4a,b, respectively. Afterward, we extract the (002) surface
slab of WSe, since it corresponds to the intense peak of the XRD
pattern. We constructed the heterostructure interface of WO, —
WSe, (002) containing two and four atomic layers of WO, and
WSe, (002) surface, corresponding to ~78% of WSe,. The opti-
mized geometry of the WO,-W Se, (002) heterostructure is shown
in Figure 4c. The differential charge density plot for the WO;-
WSe, (002) heterostructure is presented in Figure 4d. This plot
corresponds to an isosurface value of 0.160 e A=3, in which yellow
and cyan color regions on the oxygen and tungsten atoms denote
the high and low electron densities around these atoms.

We have performed the single point energy calculations us-
ing the optimized geometries to investigate the orbitals interac-
tions and charge transfer in the WO, —WSe, (002) heterostruc-
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Figure 4. The optimized geometries of a) Top view of WO3, b) Top view of WSe,, c) Side view of the interface structure of WO; and (002) plane of WSe,,
d) The side view of the differential charge density plot for the complex system for an isosurface value of 0.160 e A=3, where the yellow color denotes the
charge accumulation or electron-rich region while cyan color denotes loss of electrons. e) The valence orbitals projected density of states plots for i) 5d
orbitals of W in WSe, (002), ii) 5d orbitals of W of WSe, in WO; — WSe, (002) heterostructure, iii) 4p orbitals of Se in WSe, (002) and iv) 4p-orbitals of
Se in WO3; — WSe, (002) heterostructure. f) The valence orbitals projected density of states plots for i) 5d orbitals of W in WOs3, ii) 5d orbitals of W of
WOj; in WO; — WSe, (002) heterostructure, iii) 2p orbitals of O in WOj3, iv) 2p-orbitals of O in WO; — WSe, (002) heterostructure.

ture. For this purpose, we have plotted the projected density of
states (PDOS) of the valence orbitals of W, Se, and O atoms of
WSe, and WO, structures and compared those results with the
PDOS of the W, Se, and O atoms in heterostructure WO;-W Se,.
The PDOS of the 5d and 4p orbitals of W and Se atoms of WSe, in
WSe, (002) slab and WO;-WSe, heterostructures are presented
in Figure 4e. It can be seen in Figure 4e ii,iv that the intensity of
the W-5d and Se-4p orbital’'s PDOS in WO,-WSe, heterostructure
are significantly enhanced in comparison with the W-5d and Se-
4p orbital's PDOS of the WSe, (002) slab, particularly in the prox-
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imity of Fermi level (—2-0 eV)). Also, the electronic states of these
orbitals are shifted toward the Fermi energy in the heterostruc-
ture WO,-W Se,. This indicates that some charge has been trans-
ferred to the valence W-5d and Se-4p orbitals of the WSe, slab in
the heterostructure WO,-WSe,.

To further explore this charge transfer, we plotted the PDOS
of the W-5d and O-2p orbitals of WO, for WO, and WO,-WSe,
heterostructure in Figure 4f. We have observed that the W-5d
and O-2p orbital’s electronic states of WO, are depleted in the
heterostructure WO,-WSe,, near the Fermi energy level —2-0 eV
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of Na* ion storage in WO; /WSe, — 2 heterostructure.

(See Figure 4fii,iv). This implies that some charge is transferred
from the valence W-5d and O-2p orbitals of WO, to the W-5d and
Se-4p orbitals of WSe, (002). This charge transfer is responsible
for the superior performance of the WO,-WSe, heterostructure.
To quantify this charge transfer, we performed the Bader charge
portioning analysis.3? We report that ~0.16e electronic charge
is transferred from one O-atom of WO, to the nearest Se and W
atoms of WSe,.

2.2. Na* lon Storage Performance of WO, /WSe,
Heterostructures

Electrochemical measurements were conducted to explore the
inherent Na* ion storage capabilities of the WO,/WSe, het-
erostructure. The WO, /W Se, nanoflakes represent optimal can-
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didates for Na* ion storage in ASIC due to their distinctive struc-
tural features, heterointerfacial boundaries and expanded inter-
planar spacings. The inherent metallic conductivity of WSe, cou-
pled with WO, offers significant advantages in facilitating charge
transport. At first, Na* ion storage characteristics of all materials
as electrodes were evaluated in a three-electrode setup using a
2 M NaClO, electrolyte. Figure 5a illustrates the cyclic voltamme-
try (CV) profiles for CF, WO,/WSe, — 1, WO,/WSe, — 2, WSe,
-3, and WSe, — 4 electrodes across a wide potential range from
—1.0 to 0.0 V versus saturated calomel electrode (SCE) at a scan
rate of 100 mV s~!. As seen in the comparative CV profiles, the
pristine CF substrate had a negligible charge-storing ability, indi-
cating that charge storage occurred primarily in the WO, /W Se,-
2 materials. The CV profiles of WO, /W Se,-2 electrodes exhibit
an almost rectangular outline with symmetric loops, suggesting
a predominant pseudocapacitive nature. The pseudocapacitive
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reactions involve electrochemical charge transfer that combines
intercalation and deintercalation of Na* ions that could be ex-
pressed as,[*0]

WO, + xNa" + xe~ < Na, WO, (1)
Na,WO; + (4 — x) Na* + (4 — x) e~ © 2Na,0, + W 2)
WSe, + xNa* + xe~ < Na,WSe, (3)
Na,WSe, + (4 — x) Na* + (4 — x) e~ < 2Na,Se, + W “4)

Notably, the area fenced within the CV curve for WO, /W Se,-
2 electrode is larger compared to other electrodes, indicating
that the WO, /WSe,-2 heterostructure have abundant active sites
and facilitates more efficient Na* ion transfer owing to the het-
erophase and defects in the WO,/WSe, interface. This sug-
gests enhanced electronic conductivity ascribed to the suitable
incorporation of Na* ions into and from the layered struc-
ture, which is ideal for improving sodium storage performance.
This enhancement was further confirmed through galvanostatic
charge/discharge (GCD) tests for WO,/WSe, — 1, WO,/WSe,
- 2, WSe, — 3, and WSe, — 4 electrodes in a potential win-
dow from —1.0 to 0.0 V versus (SCE) at 1 A g~! (Figure 5b).
The GCD curves demonstrated a pseudocapacitive behavior char-
acterized Dby the intercalation/deintercalation of Na* ions. The
nearly symmetrical GCD curves suggest excellent reversibility
in pseudocapacitive reactions. The WO, /W Se,-2 electrode exhib-
ited a longer discharge time, ultimately offering high capacitance,
consistent with the CV results. The charge transfer between WO,
and W Se, indicates stable donor-acceptor contact, improving the
electrochemical activity and creating an electric field that enables
high charge transport at the WO,/WSe, heterostructure inter-
face. The specific capacitance was evaluated for each electrode,
as depicted in Figure S5a (Supporting Information). At 1 A g71,
the WO,/WSe,-2 electrode exhibited a specific capacitance of
378.1 F g7!, surpassing the values obtained for the WO, /W Se,-1
(298.63 F g~1), WSe,-3 (188.71 F g~1), and WSe,-4 (120.0 F g~!)
electrodes.

Furthermore, electrochemical impedance spectroscopy (EIS)
measurements were performed to explore the redox kinetics of
obtained materials. These measurements were performed for
all electrodes at a fixed bias voltage of 10 mV. The results, de-
picted as Nyquist curves in Figure S5b (Supporting Information),
which show nearly similar features characterized by a negligi-
ble semicircular arc at the high frequency and a sloped line at
the low frequency. The intersection of the Nyquist plot with the
real axis (Z’) specifies the solution resistance (R,), encompass-
ing the internal resistance of active material, electrolyte resis-
tance, and contact resistance of the electrode and electrolyte. The
diameter of the semicircular arc along the real axis represents
charge transfer resistance (R,), whereas the straight line along
the imaginary axis signifies capacitive resistance. The R, values
calculated for WO, /WSe,-1, WO,/WSe,-2, WSe,-3, and WSe,-4
electrodes were 1.31, 0.75, 0.95, and 1.27 Q, respectively. The low
R, for WO, /WSe,-2 indicate improved Na* ion accessibility of the
active material, likely because of the existence of oxygen-based
functional groups and enhanced charge-transfer kinetics at the
heterointerface. The WO,/WSe,-1 and WO, /WSe,-2 electrodes
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show R, values of 3.45 and 1.46 Q, respectively, while no obvious
semicircular arc characteristic was observed in the Nyquist plot
for WSe,-3 and WSe,-4 electrodes, suggesting negligible charge-
transfer resistance.

The CV, GCD, and EIS results indicate the promising Na* ion
storage capabilities of WO, /W Se,-2. Therefore, additional kinetic
analyses were performed on this heterostructure to investigate
rate performance and cycle life. Figure 5c (Figure S6, Supporting
Information) demonstrates the CV curves of the WO, /WSe,-2 at
different scanning rates. The rectangular outline remains con-
sistent even at high rates of 100 mV s™!, indicating rapid and
reversible pseudocapacitive behavior. The charge storage mecha-
nism was investigated by scrutinizing the relation between peak
current (I) and scan rate (v) observed from CV profiles, using the
power law equation,[!]

I=a (5)

This analysis provides crucial insights into whether the charge
storage is diffusion-controlled or non-diffusion-controlled.[*?] In
a diffusion-controlled process, capacitance mainly originates
from faradaic reactions, resulting in a current response propor-
tionate to a square root of the scan rate (b = 0.5). Conversely, in
a non-diffusion-controlled capacitive process, capacitance arises
from electric double-layer and surface pseudocapacitance, with a
current response directly proportionate to the scan rate (b = 1).
As revealed in Figure 5d, The calculated b-values for WO, /W Se,-
1, WO, /WSe,-2, WSe,-3, and WSe,-4 electrodes were 0.85, 0.83,
0.87, and 0.81, respectively, indicating the dominance of charge
storage contribution from a non-diffusion-controlled capacitive
process. This could be ascribed to the sufficient accessibility
for Na* ions facilitated by the ultrathin nanoflakes of the het-
erophase structure and a fully exposed wide interlayer surface
of WSe,. Besides, the total capacitance was divided into two
categories: surface capacitive and diffusion-controlled. The sur-
face capacitive percentage of WO, /WSe,-2 was calculated to be
56.7% at 5 mV s71, gradually increasing to 85.4% at 100 mV s™!
(Figure 5e), representing a dominated pseudocapacitance for the
WO, /WSe,-2. Interestingly, a significant portion of the charge
storage contribution in the WO, /WSe,-2 electrode arises from
the non-diffusion-controlled capacitive charge storage mecha-
nism. The shaded region in Figure S6e (Supporting Information)
represents the diffusion-controlled charge storage of WO, /W Se,-
2 at 60 mV s~!, while the other region signifies capacitive charge
storage. Overall, the kinetic study recommends that the maxi-
mum charge storage in WO, /W Se,-2 is capacitive across the en-
tire scanning rates, indicating that the presence of duel WO,
and WSe, phases, coupled with the heterostructure interface and
expanded interlayer spacings, provide an optimal environment
favorable for achieving high capacitive Na* ion storage.

The rate capability assessment of WO,/WSe,-2 heterostruc-
tures is evaluated through GCD measurements. Figure 5f (Figure
S7, Supporting Information) illustrates the GCD curves of
the WO, /WSe,-2 heterostructure at various current densities
(1-20 A g'). The observed pseudocapacitive behavior in the
charge—discharge traces defines the charge storage process of
WO, /WSe,-2, distinct from the battery-type charge storage pro-
cess. The WO, /WSe,-2 heterostructures displayed a maximum
specific capacitance of 378.1 F g1 at 1 A g~! maintaining 64.7%
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Figure 6. a) One-step growth protocol of the MnSe/MnSe, heterostructures on CF. b,c) low-and high-magnification SEM images of MnSe/MnSe,
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(244.4 F g7!) at 20 A g7, revealing excellent rate performance
(Figure 5g). The rapid pseudocapacitive reactions gives an out-
standing performance rate of WO, /WSe,-2, which is promis-
ing for ASIC. The specific capacitance of WO,/WSe,-2 was
compared with earlier literature on TMDs-based electrodes as
shown in Table S1 (Supporting Information). The metallic prop-
erties of WSe, and the presence of oxygen functional groups in
WO, /WSe,-2 heterostructures on the surface and within the ma-
terial are crucial for facilitating rapid Na* ions storage. Here, the
heterostructure interface contributes to high electronic conduc-
tivity, while oxygen enhances ionic affinity, potentially increasing
pseudocapacitance and Na* ions storage capacity.

As we know, electrodes with rapid redox kinetics and pseudo-
capacitive charge storage mechanisms exhibit minimal structural
alterations during cycling. After 10000 GCD cycles at 10 A g™1,
the WO, /WSe,-2 heterostructures retained 95.0% of the ini-
tial capacitance, demonstrating excellent stability (Figure Sh).
This outstanding cycling stability can be ascribed to a wide in-
terspacing of WO,/WSe,-2 compared to the diameters of Na*
ions, thereby accelerating Na* ion intercalation/deintercalation
more proficiently, contributing to superior cycling stability. The
WO, /WSe,-2 heterostructure comprises a 2D nanoarchitecture,
wherein 2D nanosheets enhance redox-active sites and serve as
an electron superhighway, mitigating interfacial resistance, as
demonstrated in Figure 5i.

Moreover, to understand the reason behind the outstand-
ing cycling stability and overall electrochemical performance of
WO, /WSe,-2 during Na* ion storage, ex situ SEM, XRD, and
XPS analyses were carried out. As shown in Figure S8 (Sup-
porting Information), the ultrathin nanoflakes, which make the
surface morphology of WO, /WSe,-2 preserved well, and the ac-
tive material remains attached to the CF substrate even after re-
peated cycling, demonstrating the excellent cycling stability of the
electrode. Moreover, the XRD data of WO, /WSe,-2 post-cycling
(Figure S9a, Supporting Information) revealed no new impuri-
ties, except for a decline in (002) peak intensity corresponding
to WSe, and a rise in the peak intensity of WO,. The increase
in oxygen content in the material after cycling in NaClO, aque-
ous electrolyte is likely due to a combination of surface oxidation
of WO, /WSe,-2 exposed to the electrolyte, adsorption of oxygen
species, and electrochemical processes taking place during the
cycling process.[**]

The ex situ XPS spectra of WO, /W Se,-2 offer detailed insights
into the redox process during Na* ion storage. The comparative
survey scan spectra of WO, /W Se,-2 before and after cycling are
depicted in Figure S9b (Supporting Information). The presence
of Na 1s is evident in the material due to the repetitive insertion
and extraction of Na* ions during cycling, underscoring the ro-
bust Na* ion storage properties of WO, /W Se,-2 (Figure S9¢c, Sup-
porting Information). The high-resolution O 1s spectrum (Figure
S9d, Supporting Information) of WO,/WSe,-2 post-cycling re-
veals an additional peak at 533.2 eV corresponding to the sur-
face hydroxyl (W-OH) group. Furthermore, the high-resolution
W 4f spectrum primarily displays two states of W, as depicted in
Figure S9e (Supporting Information). While most peaks corre-
sponding to W 4f, , and W 4f; , species in WSe, exhibit no sig-
nificant change post-cycling, the intensity of W 4f, , and W 4£;,
of WO, related to W°* states increase. Oxygen-containing species
from the electrolyte can adsorb onto the surface of WSe, during
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cycling. This adsorption can lead to the incorporation of oxygen
into the WSe, lattice or forming surface oxides. Conversely, the Se
3d spectrum (Figure S9f, Supporting Information) after cycling
shows no noticeable change, and notably, there is no formation of
SeO, compounds post-cycling, indicating exceptional structural
stability.[2%]

The systematic electrochemical investigations reveal that the
outstanding Na* ion storage performance is attributed to the
newly constructed diphasic WO,/WSe, heterostructures, along
with four key factors: i) The introduction of defective regions
at the heterojunction interface facilitates Na* ion diffusion and
electron conduction efficiently. ii) The strong bonding at the
heterojunction interface enhances mechanical stability. iii) The
heterostructure creates an inherent electric field, expediting ion
transfer and minimizing the diffusion barrier for Na* ions,
thereby enhancing rate capability and Na* ion storage perfor-
mance and iv) The direct growth of the WO, /W Se,-2 on CF facil-
itates the facile access of Na* ions. Therefore, the WO, /W Se,-2
heterostructure demonstrates excellent sodium ion storage per-
formance.

2.3. Characterization and Na* lon Storage Performance of
MnSe/MnSe, Heterostructures

The fabrication of hierarchical MnSe/MnSe, nanowires on a CF
substrate was successfully achieved over a controlled one-step
hydrothermal process, as illustrated in Figure 6a. The morphol-
ogy and microstructural details of the MnSe/MnSe, were exam-
ined through SEM and TEM, as depicted in Figure 6b-i. The
prepared MnSe/MnSe, sample exhibited a nanowire-like mor-
phology with a length extending several micrometers and lat-
eral dimensions of 20-30 nm (Figure 6b,c), growing vertically
on the CF substrate. SEM-EDS mappings confirmed the consis-
tent dispersal of Mn and Se elements (Figure S10, Supporting
Information). Further characterization of the nanowire-like mor-
phology of MnSe/MnSe, was conducted using TEM, as depicted
in Figure 6d,e. The HRTEM image in Figure 6f delineates the
heterostructure boundary. Lattice fringes with d-spacings of 0.2
and 0.32 nm were seen in the HRTEM image of MnSe/MnSe,,
equivalent to the (220) and (200) planes of MnSe and MnSe,,
respectively.[*4]

Figure 6g depicts the XRD pattern of MnSe/MnSe,, reveal-
ing sharp and intense diffraction peaks indicative of highly crys-
talline material formation. Notably, strong diffraction peaks ob-
served at 32.9°, 47.1°, 55.9°, 68.8°, 78.4°, and 87.5° correspond
to the (200), (220), (311), (222), (400), (420), and (422) planes,
respectively, of the cubic MnSe phase (JCPDS no. 11-0683).14
Additionally, small diffraction peaks from the tetragonal MnSe,
phase (JCPDS no. 73-1525) were noted at 27.9°, 30.8°, 34.1°,
and 53.4°, corresponding to the (200), (210), (211), and (312)
planes.[**l These findings confirm the successful formation of
manganese selenide with well-defined crystalline phases. More-
over, XPS analysis provided insights into the oxidation states
and elemental composition of MnSe/MnSe,. The survey scan
spectrum (Figure S10h, Supporting Information) confirmed the
occurrence of Mn and Se elements at their respective bind-
ing energies. Additionally, peaks attributed to C 1s (from the
CF substrate and reference) and O 1s were observed, likely
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stemming from surface contamination upon exposure to air.
Further characterization of oxidation states and element-binding
was achieved through narrow-scan spectra. The Mn 2p spectrum
(Figure 6h) displayed two prominent peaks matching to Mn 2p; ,
and Mn 2p, , levels. The Mn 2p,;, peaks at 640.7 and 642.3 eV
match the Mn?* and Mn3* oxidation states, respectively.**] The
existence of Mn?* species was supported by shake-up satellite
peaks, which are generally absent for Mn** and Mn** states.[*’]
The Se 3d spectrum (Figure 6i) exhibited a spin-orbit doublet cen-
tered at 54.9 and 56.1 eV for Se 3d;, and Se 3d,,, respectively.
Notably, no peaks corresponding to zero-valent Se (55.1 eV) or
oxidized SeO,, species (x59 eV) were detected in the spectrum.

Furthermore, the electrochemical features of the
MnSe/MnSe, heterostructure were assessed in a three-electrode
setup using a 2 M NaClO, aqueous solution. Figure S11a (Sup-
porting Information) illustrates the CV profiles of MnSe/MnSe,
at 5 to 100 mV s™', within an operational potential range of
0-1.0 V versus SCE. The CV displays a distorted rectangular out-
line, signifying reversible Na* ion intercalation/deintercalation
into the electrode material. Additionally, the b-value for the
cathodic region of the MnSe/MnSe, electrode was determined
to be 0.85 (Figure S11b, Supporting Information), suggesting
that the reaction current originates from the surface capacitive
charge storage process. This finding implies that MnSe/MnSe,
nanowires reduce the transport paths for electrolyte ions and en-
hance electrolyte accessibility to the surface active sites, thereby
favoring a surface capacitive-controlled charge storage contri-
bution. As shown in Figure S11c (Supporting Information), the
GCD of MnSe/MnSe, recorded at different current densities ex-
hibit an almost symmetric triangular outline, indicative of high
redox reversibility. At a current density of 1 A g~!, MnSe/MnSe,
electrode achieved a specific capacitance of 445.8 F g~!. Even at
20 A g1, the electrode retained 68.6% of its initial capacitance
(Figure S11d, Supporting Information). Notably, this specific
capacitance exceeds that reported for earlier flower-like MnSe
(123.1 F gt at 1 A g7!),l*] @-MnSe nanoparticles (96.76 F g~!
at 0.1 mA cm™2),l*] and cube-like MnSe, (50.79 F g71).1*8] The
EIS measurements of MnSe/MnSe, heterostructures reveal the
R, and R, values of 1.77 and 2.35 Q, respectively (Figure S10e,
Supporting Information). Furthermore, the cyclic stability of the
MnSe/MnSe, was evaluated through continuous GCD at 10 A
g~! for 10 000 cycles. Figure S10f (Supporting Information) illus-
trates that the MnSe/MnSe, heterostructures retained 91.3% of
their initial value after the cycling test, exhibiting a retention rate
higher than other manganese-based electrodes. Additionally, the
MnSe/MnSe, electrode exhibited 100% Coulombic efficiency
throughout the cycling tests. The electrochemical characteristics
observed in the MnSe/MnSe, electrode indeed suggest its
promising potential for Na* ion storage. Overall, the results
obtained for both the MnSe/MnSe, electrode and WO, /W Se,-2
indicate that the active materials and electrodes are robust,
rendering them suitable for application in sodium-based energy
storage systems.

2.4, Application in Aqueous Sodium-lon Capacitor (ASIC) System
A compelling demonstration of the high Na* ions storage ca-

pability and long-lasting cycling stability of WO,/WSe,-2 anode,

Adv. Funct. Mater. 2024, 34, 2406333 2406333 (12 of 16)

www.afm-journal.de

along with MnSe/MnSe, cathode, both dual-heterostructure elec-
trodes, results in a curious assembly of ASIC cell that could
meet the requirements of competent energy storage systems. The
main objective of employing WO, /WSe,-2, and MnSe/MnSe,
electrodes is to expand system voltage and combine characteris-
tics of pseudocapacitive materials within individual cells for Na*
ion storage. Therefore, integrating them in ASIC cells could di-
rectly enhance the energy storage capacity and the systems over-
all performance. Both electrodes in the ASIC system are sepa-
rated by a Whatman filter paper and an aqueous 2 m NaClO,
electrolyte, as shown in a schematic illustration of the assem-
bled ASIC cell (Figure 7a). Considering the specific capacitance
of the MnSe/MnSe, and WO, /WSe,-2, the ASIC cell was con-
structed with a positive electrode: negative electrode mass ratio of
1.0:1.2. The operating voltage of the MnSe/MnSe, / /WO, /W Se,-
2 ASIC cell is estimated to be 0-2.0 V based on the circum-
stance that the positive side potential range of the MnSe/MnSe,
electrode is from 0 to 1.0 V, whereas the negative side poten-
tial range of the WO,/WSe,-2 electrode varies from —1.0 to
0V (Figure 7b). To validate the suitable operating potential win-
dow, the MnSe/MnSe, //WO, /WSe,-2 ASIC cell endured testing
across various cell voltage ranges using CV and GCD measure-
ments. Figure S12a,b (Supporting Information) depicts the CV
and GCD profiles of the MnSe/MnSe, //WO,/WSe,-2 ASIC cell
under different cell voltages. Notably, even at high cell voltage (0—
2.0'V), the MnSe/MnSe, //WO, /WSe,-2 ASIC cell exhibited min-
imal polarization in both CV and GCD curves, indicating a com-
bined energy storage mechanism from the redox active sites of
the pseudocapacitive materials. Therefore, the operating cell volt-
age was fixed at 0-2.0 V, and subsequent CV and GCD tests were
performed at various scan rates and current densities to evaluate
rate performance.

Figure 7c displays Cv profiles of  the
MnSe/MnSe,//WO,/WSe,-2 ASIC at 5-100 mV s7! in an
operating voltage window of 0-2.0 V. Regardless of the scan rate,
CV profiles maintained a quasi-rectangular outline, featuring
prominent redox peaks with pseudocapacitive characteristics,
indicating good reversibility and redox kinetics of the cell.
Further GCD analysis at different current densities (Figure 7d)
demonstrated nearly triangular features. The calculated specific
capacitance of MnSe/MnSe,//WO;/WSe,-2 ASIC cell from
the discharge time are 147.7, 130.8, 122.0, 115.8, 1.08.2, 105.8,
100.9, 98.3, and 96.0 F g™' at 2, 4, 6, 8, 10, 12, 14, 16, 18, and
20 A g7', respectively, as depicted in Figure 7e. Notably, the cell
exhibited superior rate capability, with a 65% retention rate at
20 A g7!, validating its outstanding mass balancing and Na*
ion storage properties. Additionally, the energy density and
power density values of the MnSe/MnSe, //WO,/WSe,-2 ASIC
cell were evaluated to assess practical application viability. The
Ragon plot (Figure 7f) revealed a maximum energy density
of 82.1 Wh kg™! at a power density of 1873.5 W kg™! and a
retention of 53.3 Wh kg™' at a high power density of 18 735.4 W
kg™'. These values notably surpass those reported for hybrid
SCs based on TMDs, such as MoSe,@ WSe,//MoSe,@ WSe,
(14.44 Wh kg™ at 397 W kg~1),) WSe,//AC (25.5 Wh kg!
at 1111 W kg™!),5% MoSe,//MoSe, (36.2 Wh kg™ at 1400 W
kg™!).5Y Ti,C,//WS, (50.8 Wh kg~! at 813.6 W kg!),l52) 1T-
WSe, /graphene//N-doping Gra (75.63 Wh kg=' at 375 W
kg™!),331 WS, @Ni-Co-S//rose carbon (40.01 Wh kg' at
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Figure 7. a) Schematics illustration for the assembled MnSe/MnSe, //WO3/WSe,-2 ASIC cell. b) CV curves of the WO /WSe,-2 and MnSe/MnSe, het-
erostructures measured at a scan rate of 100 mV s™!, indicating possible cell voltage of 2.0 V. ¢) CV and d) GCD curves of the MnSe/MnSe, / /WO, /WSe,-2
ASIC cell measured at different scan rates and current densities, respectively, e) calculated specific capacitance concerning the applied current density. f)
Ragon plot and g) cycling stability (Coulombic efficiency) concerning cycle number of the MnSe/MnSe, //WO; /WSe,-2 ASIC cell. The inset of g) shows
the comparative energy and power densities of the ASIC cell with previously reported work and GCD profiles of the initial and last three cycles of the

ASIC cell, and h) Nyquist plot of the fabricated ASIC cell before and after cycling stability measurements, respectively.

417.52 W kg™),5 MoS,/NiS//AC (31 Wh kg! at 155.7 W
kg1),55 tGO/MoS, /WS, //rGO (15 Wh kg~! at 373 W kg~!),[5¢
1T-2H-O MoS,//MnO, (39.7 Wh kg™! at 450 W kg™!),%]
WS, /WO, //AC (56.6 Wh kg~! at 1335 W kg~1).58) The compre-
hensive analysis of our MnSe/MnSe,//WO,/WSe,-2 ASIC cell
with previous research is presented in the inset of Figure 7g and
Table S2 (Supporting Information). The results prove that the
MnSe/MnSe,//WO,/WSe,-2 ASIC cell is a competent energy
storage cell with both high power and energy density. The
cyclic stability of the MnSe/MnSe,//WO,;/WSe,-2 ASIC cell
was further examined to evaluate its durability over continuous
GCD cycles. The cycling stability test was conducted at 10 A g~!

Adv. Funct. Mater. 2024, 34, 2406333 2406333 (13 0f16)

over 10 000 cycles, as illustrated in Figure 7g. The cell exhibited
impressive capacity retention of 92.9% alongside an admirable
Coulombic efficiency of 94.6%, indicating its robust cycling per-
formance. The GCD profiles of the initial and last three cycles of
the ASIC cell indicate a slight decrease in discharge time after
10000 cycles, suggesting high cycling stability. Additionally, the
EIS plot before and after cycling demonstrates a lower charge
transfer resistance of the ASIC cell, suggesting favorable ionic
and electrochemical kinetics (Figure 7h).

The Na‘* ion storage mechanism of the ASIC full cell was
further evaluated using ex situ SEM and XPS analyses at
various charge/discharge states during the second cycle. The
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corresponding discharge/charge states are marked in the GCD
profile (Figure 8a). The morphology of the WO, /WSe,-2 anode
did not change significantly during the charging process. How-
ever, in a fully charged state, small nanoparticles appeared on
the WO, /WSe,-2 nanosheets, indicating Na* ion intercalation.
Surprisingly, even after full discharge, the nanoflake morphology
was well maintained (Figure 8b). The XPS survey scan spectra
of the WO, /WSe,-2 anode at various charge/discharge states are
presented in Figure 8c, confirming the presence of Na 1s along
with the main elements of WO,/WSe,-2, including W, Se, O,
and C. Figure 8d shows the high-resolution Na 1s XPS spectra
of the WO, /W Se,-2 at different charge and discharge stages. As
illustrated, no Na 1s signal was detected in the initial state of
the WO, /WSe,-2 electrode, whereas a broad peak is observed at
different charge and discharge states, demonstrating the inser-
tion of Na* ions into the WO, /WSe,-2 nanosheets. Moreover,
the typical Na peak shifts to higher binding energies during
the charging process and returns to the original position after
full discharge, indicating the excellent reversibility of Na* in-
tercalation and deintercalation in the WO, /W Se,-2 electrode.>!
Notably, even after full discharge, a small number of trapped Na*
ions in the electrode might serve as interlayer pillars, further
stabilizing the layered structure of the WO,/WSe,-2 nanosheets
during electrochemical cycling. The W 4f XPS spectra of the

Adv. Funct. Mater. 2024, 34, 2406333 2406333 (14 Of16)

WO, /WSe,-2 anode at different charge/discharge states are pre-
sented in Figure 8e. The main doublet peaks of W* in 2H W Se,
are located at 32.5 and 34.7 eV, and other low-intensity doublet
peaks at 35.6 and 37.7 eV are related to 4f; ), and 4f; , of WO;, re-
spectively. As seen in the spectra, a slight shift in binding energy
was observed in the fully charged state.[*" In the fully discharged
state, the peaks shifted toward the original state, confirming the
insertion and extraction of Na* ions during the charge/discharge
process. However, it can be observed that the peak intensity of the
fully charged 2H WSe, is significantly higher than that of WO;,
which also proves that the intercalation of Na* ions increases
the interlayer distance which stabilizes the WSe, phase from
oxidation. The peak corresponding to Na 2p is located at 30.8 eV
alongside the W 4f,, of 2H WSe,. The intensity of Na 2p is
higher in the first charging state, whereas it decreases in the
fully discharged state.

Meanwhile, the XPS spectra of Se 3d show negligible varia-
tion at all representative charge/discharge states, further indicat-
ing that the Se element has a limited contribution to the electro-
chemical reaction. A slight shift toward higher binding energy
upon charging and return to their original positions after dis-
charging was observed, whereas no features of SeOx were seen.
The peak located at 63.6 €V is related to Na 2s. Overall, the shift-
ing and diminished intensities of the peaks in the elemental
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spectra upon charging support the insertion of Na* ions. These
results indicate that Na* ions were inserted into and extracted
from the WO, /WSe,-2 anode during the charging and discharg-
ing process.[®1]

The findings suggest that the WO, /WSe,-2 anode shows sig-
nificant promise for Na* ion storage. The presence of WSe, en-
hances the overall conductivity of the heterostructure optimizing
charge transport efficiency. The interlayer spacing of WSe, facili-
tates the smooth insertion and extraction of ions, thereby increas-
ing the Na* ion storage capacity. Additionally, the heterostructure
boosts the specific surface area, offering numerous active sites
for Na* ion interaction. The oxygen component in the material
further enhances surface interactions, forming hydrogen bonds
that contribute to charge storage. This dynamic process of strong
bond formation electronic coupling in WO, and W Se, leads to ef-
fective Na* ion storage in the WO, /WSe,-2 anode, while the im-
proved interlayer spacing enhances the overall storage capacity
of the device. The obtained data demonstrates that our proposed
MnSe/MnSe,//WO, /WSe,-2 cell and its resulting Na* ions stor-
age performance represent a pioneering advancement toward
achieving superior energy storage capabilities suitable for prac-
tical applications.

3. Conclusion

In summary, the atomically thin 2D nanosheets of
WO, /WSe, heterostructures were successfully synthesized
via a scalable yet simple hydrothermal method followed by the
chemical vapor deposition (CVD) directly on the carbon fiber
(CF) substrate for efficient Na* ion storage. The heterostruc-
ture exhibits wide interlayer spacings that are favorable for
storing large Na* ions and improve electronic conductivity.
Density functional theory (DFT) calculations corroborate these
findings, elucidating the superior electrochemical performance
of WO, /WSe, heterostructures, primarily attributed to charge
transfer from the O-atoms of WO, to the W-5d and Se-4p-
orbitals of the WSe, (002) surface. As a result, the WO,/WSe,
electrode demonstrates exceptional Na* ion storage features,
with a specific capacitance of 378.1 F g™! at 1 A g7!, excellent
rate performance, and long-lasting cycling stability over 10 000
cycles. The ASIC cell comprising WO,/WSe, as the negative
electrode and MnSe/MnSe, as the positive electrode achieved
a peak energy density of 82.1 Wh kg™ at a power density of
1873.5 W kg!, along with high rate performance and long-cycle
stability. Our work presents a simplistic and useful approach
to overcome the sluggish Na* ion and redox kinetics of layered
TMDs. We accomplish this by introducing a specific heteroin-
terface that enables fast ion diffusion and forms a conductive
system for effective electron transfer. We believe that the insights
from the present work pave the technique for rational design
and optimization of the interfacial electronic features in 2D
heterostructures for next-generation ASIC, enabling high energy
and power densities.
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