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Extrinsic pseudocapacitive ultrathin 2D MoS,
nanoflakes clamped on 1D Sb,S; nanorods: an
advanced heterostructured anode for high-energy
ammonium ion hybrid capacitorsy
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Ammonium-ion (NH4*) charge carriers have recently been considered promising for electrochemical
energy storage (EES) systems because of their high safety, low molar mass, and small hydrated radius
(3.31 A). However, finding a kinetically balanced anode and cathode combination for high NH,*-ion
storage is challenging. Herein, a new approach for developing a heterostructured electrode was
developed by constructing extrinsic pseudocapacitive 2D ultrathin MoS, nanoflakes clamped on 1D
Sb,S3 nanorods (MoS,/Sb,Ss) as an anode for high-performance ammonium-ion hybrid capacitors
(AIHCs) the MnO, The engineered MoS,/Sb,S3
heterostructured anode facilitated large interlayer galleries owing to the presence of 2D MoS, for facial
NH,"-ion diffusion and provided a rapid electron pathway through 1D Sb,Ss, which promoted a high
capacitance of 360 F g~! low resistance, and stable cycling performance. More importantly, the
constructed AIHC delivered a superior energy density of 43.75 W h kg™* at a power density of 600 W
kgt
extrinsic pseudocapacitive anode can improve the electrochemical parameters of NH,* EES systems and

against intrinsic  pseudocapacitive cathode.

Received 12th January 2024

Accepted 13th February 2024
and excellent cycling durability over 5000 cycles. These results show that a heterostructured
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Introduction

The demand for green energy continues to inspire the world-
wide research community to research and develop next-
generation storage systems." Rechargeable batteries play
a crucial role in electric vehicles, portable devices, and grid-
scale storage applications.> As current batteries tend to use
organic electrolytes, which have safety issues along with toxicity
and flammability,® the use of aqueous electrolytes is desired
owing to their inherent merits, such as low cost, high ionic
conductivity, environmental friendliness, and
flammability. Moreover, their flexibility in formation and
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replace traditional carbon-based anode materials.

manufacturing make them attractive in the battery industry.**
Therefore, aqueous batteries are the focus of research interest
and are considered future substitutes for commercial secondary
batteries.*” Aqueous batteries usually contain metallic cations,
such as Li*, Zn**, Na*, Mg>", K" or AI**, which act as charge
carriers. However, their large hydration volumes and high
molar masses hamper the diffusion kinetics of these ions and
result in poor rate capability and stability.® In contrast, non-
metallic ions have smaller hydration radii, low molar masses,
and high availability. Furthermore, these features result in low
costs, high energy densities, and excellent rate capabilities.>*
In this context, non-metal cation carriers, such as protons,*
hydronium,? and NH," ions, have exceptional features.* In
particular, the highly conductive nature of the NH," ion makes
it an efficient charge carrier, which promotes ion-diffusion
processes, and it also has a lower HER (hydrogen evolution
reaction) potential and is less corrosive.*'* Furthermore, NH,"
ions can migrate rapidly because of their smaller Stokes radius
and energy barriers and tetrahedral geometries, which support
their superior intercalation in host materials.*>'®

Relatively few studies have been reported on ammonium-ion
storage and those that have been reported mainly focused on
cathode materials for ammonium-ion storage. It was found that
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the exceptional features of cathode materials improve the
capacity and cycling stability of devices.'® Several cathode
materials have been explored for ammonium-ion storage, such
as activated carbon cloth (ACC)@V,0s,"> MnAl LDH,® MnO,,""2°
and Prussian blue (NiHCF).>* However, little work has been
published on high-performance anode materials for
ammonium-ion storage, yet the development of such materials
is crucial. Generally, a suitable material must meet specific
parameters; for example, it should have an appropriate elec-
trode structure and bonding sites. A suitable space and binding
sites are required for the accommodation and binding of NH,"
ions during the reaction.”” The primary mechanism underlying
rapid NH," storage involves the formation and breaking of
hydrogen bonds.**** However, researchers face challenges with
the structural collapse of the host material due to the frequent
insertion/extraction of NH,".>* Therefore, novel electrodes for
NH, "-storage systems are still required to enhance the perfor-
mance and long-term stability of ammonium-ion capacitors.

Traditionally, carbon-based materials have been used as
anodes due to their excellent electrochemical cycling
stability.”>*® However, the double-layer charge storage limits the
capacitance of carbon anodes and causes a large kinetic
imbalance between anode and cathode materials. This can
negatively affect the capacitance and energy density of cells, as
indicated by the equation 1/Cr = 1/C; + 1/C,,* where Cr, Cy, and
C, are the capacitances of the whole cell, cathode and anode
electrodes, respectively.*® For this reason, it is crucial to find
anode materials with energy-storage capacities similar to
cathode materials to assemble kinetically balanced ammonium-
ion energy-storage systems.**> Considering these issues, redox-
active anode materials that can simultaneously provide high
capacitance and stability at negative operating potentials are
needed.*** Of the many potential candidates, extrinsic pseu-
docapacitive metal sulfides are promising for aqueous ion
capacitors because of their exceptional electrochemical prop-
erties and structural diversities.****3¢ Specifically, because of its
structural stability, Sb,S; was investigated for electrocatalysis,
battery and photovoltaic device applications. In addition, Sb,S3
has the merits of being nontoxic, abundant in nature, and
cheap.?” However, the volume expansion of Sb,S; during the
intercalation/deintercalation of ions hampers its stability and
rate performance; though this issue can be managed by fabri-
cating sulfide-based heterostructures that can maintain their
structures.®® Correspondingly, nanostructures covered with
a protective layer provide space for volume changes, stabilize
the electrode/electrolyte interfaces, and promote electron
transport with shorter ion-diffusion paths.***°

Thus, we were motivated to develop anode materials that
would enhance the electrochemical performance of NH,'-
storage systems. Consequently, investigated hetero-
structured metal chalcogenide-based anode materials for
ammonium-ion hybrid capacitors (AIHCs) using a straightfor-
ward solution path. Nanorods of Sb,S; served as a 1D conduc-
tive core, while 2D MoS, nanosheets offered abundant active
sites with large interlayer galleries that could promote facial ion
movement during charge-discharge processes. The engineered
heterostructured Sb,S;/MoS, anode delivered a specific
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capacitance of 360 F g~ * (at 3 A g ') and excellent cycling
performance (5000 cycles at 12 A g~ ') within a negative potential
window (—0.75 to 0.05 V/SCE) in ammonium-ion electrolyte.
Furthermore, an ATHC fabricated by integrating MnO, as the
cathode and Sb,S;/MoS, as the anode exhibited excellent a high
energy density and stability, which represented a substantial
improvement over previously reported carbon-anode contain-
ing ATHCs."?°

Experimental section
Synthesis of Sb,S;

Analytical-grade chemicals and reagents were used without
further purification. Sb,S; nanorods were synthesized using
a hydrothermal method. For a typical synthesis, SbCl; (3 mmol),
L-cysteine (6 mmol), and Na,S-9H,O0 (6 mmol) were dissolved in
40 ml of double distilled water (DDW) with stirring. The solu-
tion was then transferred to a 50 ml Teflon-lined stainless-steel
autoclave and heated for 12 h at 180 °C. A dark-brown precipi-
tate of Sb,S; was obtained after cooling to room temperature.
The product was collected after filtration, washed with DDW
several times, and dried at 60 °C overnight.

Synthesis of Sb,S;/MoS,

To synthesize Sb,S;/MoS,, 50 mg of Sb,S; was suspended in
40 ml of DDW containing (NH4)sM0,0,4 (0.01 mol) and thio-
urea (0.02 mol), stirred, and sonicated for 30 min. The prepared
solution was transferred to a 50 ml Teflon-lined stainless-steel
autoclave and heated for 24 h at 200 °C. The final product
was obtained by suspending it several times sequentially in
DDW and ethanol and centrifuging between steps. The ob-
tained Sb,S;/MoS, was dried overnight at 60 °C.

Synthesis of MnO,

MnO, films were electrodeposited on carbon cloth (CC) using
an equimolar MnSO, (0.1 mol) and Na,SO, (0.1 mol) solution
and an electrochemical workstation. The potential was varied
from 0.4-1.5 V at a scan rate of 50 mV s~ in potentiodynamic
mode for 50, 100, 150, or 200 cycles, and the samples produced
were denoted as Mn-50, Mn-100, Mn-150, and Mn-200, respec-
tively. In a three-electrode cell, the CC, graphite, and saturated
calomel electrodes (SCE) were used as the working, counter, and
reference electrodes. The as-deposited MnO, films were dried
overnight at 60 °C.

Results and discussion

A two-step hydrothermal process was employed to synthesize
heterostructured Sb,S;/MoS, (Fig. 1a). A simple hydrothermal
method was first used to synthesize Sb,S; nanorods. In this
process, SbCl; and r-cysteine served as the sources of Sb*" and
$?7, respectively. This step was followed by a hydrothermal step
to grow MoS, nanosheets on the surfaces of Sb,S; nanorods
using (NH4)sMo,0,, and thiourea as the sources of Mo*" and
S>7, respectively. It is known that the self-aggregation and
disordered arrangement of a material can restrict exposure of

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Schematic of the two-step hydrothermal synthesis process used to produce heterostructured Sb,Ss/MoS,. (b) XRD patterns of Sb,Ss

and Sb,S3/MoS,. High-resolution XPS spectra of (c) Mo 3d and (d) S 2p.

(e) N, adsorption—desorption isotherms of Sb,Sz and Sb,S3/MoS,. SEM

images of (f) Sb,Sz and (g and h) Sb,S3/MoS,. (i-1) TEM images and elemental mapping of Sb,Ss/MoS,.

the active sites," which can result in a lower redox reaction
kinetics and lower specific capacitance. So, it is important to
expose an optimum amount of functional material through
finely tuning and engineering a suitable architecture to meet
definite requirements.”” To load the optimum amount and
achieve the required architecture of MoS, on Sb,S; nanorods,
and also to prevent self-aggregation and a disordered arrange-
ment of MoS, nanosheets on Sb,S; nanorods, a second hydro-
thermal reaction was carried out using different deposition
times. Scanning electron microscopy (SEM) analysis showed
that the reaction for 24 h obtained good results, and thus, this
time was adopted for the further study. The phases and crys-
tallinities of the developed materials were investigated by X-ray
diffraction (XRD) analysis. The diffraction peaks of Sb,S; were
well indexed with the orthorhombic phase of Sb,S; (JCPDS 42-
1393), indicating the successful formation of Sb,S; (Fig. 1b).

This journal is © The Royal Society of Chemistry 2024

The low crystallinity and small crystallite size of the as-
produced MoS, were evidenced by the broad diffraction peaks
(Fig. S17). The XRD pattern of Sb,S;/MoS, was compatible with
that of Sb,Ss; no extra MoS, peaks were detected due to its low
crystallinity (Fig. 1b).** The XRD study confirmed that MoS,
nanosheets grew on Sb,S;, and the reduction in the intensities
of the Sb,S;/MoS, diffraction peaks confirmed that MoS,
nanosheets were uniformly decorated on Sb,S; nanorods. The
second hydrothermal step thus produced the required hetero-
structured Sb,S;/MoS, material.

X-Ray photoelectron spectroscopy (XPS) was utilized to
characterize the chemical states and composition of the heter-
ostructured Sb,S;/MoS,. The wide-scan XPS survey spectrum
confirmed the presence of Mo, Sb, S, and O (Fig. S2af). In
addition, high-resolution spectra was used to gain insights into
the valence states. The Sb 3d spectrum (Fig. S2bt) was

J. Mater. Chem. A, 2024, 12, 7587-7597 | 7589
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deconvoluted into two peaks at 530.5 and 539.7 eV, associated
with the Sb 3ds,, and 3d;/, of metallic Sb, respectively.** Besides,
another peak was observed at 531.6 eV, which belonged to O 1s
(Fig. S2ct), representing surface oxidation.*®* As depicted in
Fig. 1d and e, the high-resolution XPS spectra of molybdenum
and sulfur elements were investigated to determine the status of
Mo 3d and S 2p. The peaks observed at 232.4 and 228.8 eV were
ascribed to the Mo 3d3/, and Mo 3ds,, of Mo*" (Fig. 1¢).***® The
peak at 235.7 eV was related to Mo(vi), which reflected a partial
reduction of the Mo surface (Mo-O). In this study,
(NH4)6Mo0,0,, was used as the source of molybdenum to
synthesize MoS,. During the 200 °C hydrothermal process, this
material thermally decomposed into MoO,, which accelerated
the oxidation of Mo.*” Another peak at 229.9 eV was observed
corresponding to Mo(v), which may have resulted from the
partial reduction of Mo®".#” Furthermore, the peak that arose at
around 226.1 eV was assigned to S 2s.*®* The S 2p spectrum
displayed a S>~ doublet at 161.6 and 162.9 eV, attributed to S
3pss and S 3py, (Fig. 1d).*”* These XPS results were in accor-
dance with previous studies on Mo, Sb, S, and O, and confirmed
the successful formation of the Sb,S;/MoS, heterostructure with
a Mo to S atomic ratio of 1:1.62. The specific surface areas of
the prepared samples were determined using N, adsorption-
desorption isotherm measurements. As presented in Fig. 1e, the
Sb,S;/MoS, material displayed a type-III isotherm with an H3
type physisorption hysteresis loop according to the Interna-
tional Union of Pure and Applied Chemistry (IUPAC) classifi-
cation, which is characteristic of mesoporous materials with
a low adsorption energy. According to Brunauer-Emmett-Teller
(BET) equation analysis, the surface area of the hetero-
structured Sb,S;/MoS, was 40.6 m> g’l, which was seven times
higher than that of Sb,S; (5.8 m* g~ ). This large specific surface
area of the heterostructured Sb,S;/MoS, suggests that it
contains many more active sites than Sb,S; and mesopores that
shorten the diffusion path, which is desirable for rapid charge
transfer.

SEM and transmission electron microscopy (TEM) were used
to study the morphologies and structures of Sb,S; and Sb,S;/
MoS,. The SEM images indicated that the Sb,S; material had
a rod-like structure and smooth surface (Fig. 1f), and a slightly
porous observed at higher magnification
(Fig. S3at). During the hydrothermal reaction, nanosheets of
MoS, grew uniformly on the Sb,S; nanorods (Fig. 1g and h), and
the surface of Sb,S; became rougher (Fig. S3b¥). However, the
nanorod-like structure of Sb,S; was well maintained. The HR-
TEM images of Sb,S; revealed a rod-like structure with
a smooth surface (Fig. S4a and b¥) and a crystal lattice (d = 0.24
nm) assigned to the (240) plane of orthorhombic Sb,S; (Fig. S4c
and df). The selected area electron diffraction (SAED) pattern of
Sb,S; revealed a highly regular crystal structure (Fig. S4et). The
uniform coating of MoS, nanosheets on Sb,S; nanorods was
clearly observed in the HR-TEM images of Sb,S;/MoS, (Fig. 1i),
and the corrugated nanosheets showed a lattice fringe of
0.66 nm (Fig. 1j and k), consistent with the (002) plane of the
MoS, material and sufficient to allow the quick intercalation/
deintercalation of NH," ions. In addition, the SAED pattern of
the corrugated nanosheets on Sb,S;/MoS, showed that the

surface was
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MoS, nanosheets were largely amorphous (Fig. 1k). Addition-
ally, energy dispersive X-ray (EDX) elemental mappings of the
pristine Sb,S; and heterostructured Sb,S;/MoS, material were
measured, and disclosed the co-existence of Sb, S, and a small
amount of O in the pristine Sb,S; material (Fig. S4et and 1I).
The EDX mapping of Sb,S;/MoS, revealed Sb was uniformly
distributed in the Sb,S; core region, whereas Mo was less dense
than Sb and was observed in the overall MoS, shell region.
Likewise, uniform S distribution was also observed throughout
the heterostructure Sb,S;/MoS, (Fig. 11). The small amount of O
observed in Sb,S; and Sb,S;/MoS, confirmed the partial
reduction of the material, which concurred with the XPS results
(Fig. S4e, f and S5t). The uniform coverage of Mo and S on the
core material confirmed the homogeneous growth of MoS,
nanosheets on the Sb,S; nanorods, which was consistent with
the heterostructure of Sb,S;/MoS, observed by SEM and TEM
analyses. The above investigation verified that MoS, nanosheets
grew on the Sb,S; nanorods, which aligned with the XRD and
XPS results.

A series of tests were performed to evaluate the electro-
chemical properties of the developed Sb,S;/MoS, hetero-
structure for ammonium-ion storage. The ammonium-ion-
storage performances of Sb,S;, MoS, and Sb,S;/MoS, elec-
trodes were first measured in a half-cell system. Cyclic voltam-
metry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS) analyses of the
active materials were performed in 1 M (NH,),SO, electrolyte.
The CV performances of Sb,S;, MoS,, and Sb,S;/MoS, elec-
trodes were measured in a similar potential range for compar-
ison purposes in an optimized “—0.75 to 0.05 V (vs. SCE)”
potential window (Fig. Séat). The Sb,S; electrode displayed
oxidation and reduction peaks in the CV curves and delivered
minimal capacitive performance due to its small CV area. In
contrast, the MoS, electrode exhibited rectangular CV curves
and a higher CV area than the Sb,S; electrode. Interestingly, the
Sb,S;/MoS, electrode exhibited a much higher current response
and almost rectangular shape without any specific redox peaks,
indicating the pseudocapacitive nature of the heterostructure
due to the MoS, along with a higher capacity. The GCD profiles
of the Sb,S; MoS,, and Sb,S;/MoS, electrodes are depicted in
Fig. S6bt (at a current density of 10 A g~') and displayed the
significantly ~distinguished storage behavior. Triangular
symmetric curves were noted, without any voltage plateau, for
the MoS, and Sb,S;/MoS, electrodes, confirming the pseudo-
capacitive nature of the materials. The discharge time of Sb,S;/
MoS, was much longer than that of Sb,S; and MoS,. Also, the
potential window achieved by the Sb,S;/MoS, electrode was
higher than that of the Sb,S; electrode at the same current
density (10 A g™ '). So, the calculated specific capacitance of the
heterostructured Sb,S;/MoS, electrode (258.2 F g~ ') was 2.25-
fold higher than that of the Sb,S; (156.8 F g~ ') and MoS, (159.7
F g1 electrodes. The enhanced electrochemical performance
for the Sb,S;/MoS, electrodes was due to: (1) the rapid electron
transfer provided by the conductive core 1D Sb,S;, (2) the
greater number of active sites provided by the MoS, host, and
hence, greater specific surface area, (3) the huge number of
active sites and increased redox activity provided by the 2D

This journal is © The Royal Society of Chemistry 2024
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MoS, layer, and (4) the large MoS, interlayer distance allowing
the rapid intercalation of NH," ions.

The comparative EIS spectra of the Sb,S;, MoS,, and Sb,S;/
MoS, electrodes were plotted and simulated based on an
equivalent circuit, as shown in Fig. Sé6c.T Each electrode dis-
played a semicircle in the high-frequency region and a straight
line in the low-frequency region. The semicircle was attributed
to charge-transfer resistance (R.) and the straight line to
diffusion resistance (W). The high-frequency interaction with
the X-axis corresponded to solution resistance (R;), which was
related to the internal resistance of the electrode, electrolyte
conductivity, and electrode/electrolyte contact resistance. In an
equivalent circuit, CPE represents a constant phase element
and is observed due to electrode/electrolyte interaction inho-
mogeneities due to the porosity, nature of the electrode, and
disorder associated with diffusion.” It was confirmed that the
R of the Sb,S;/MoS, electrode (0.16 Q cm ™ 2) was significantly
lower than that of the Sb,S; (4.15 Q cm™?) and MoS, electrode
(0.31 Q em™?). The excellent conductivity and large number of
contact sites offered by the core Sb,S; nanorods to clamp MoS,
nanosheets were presumed to be responsible for the high
number of uniformly distributed electroactive sites of MoS,
nanosheets and facile ion diffusion. In addition, the straight
line existing in the low-frequency region indicated the rapid
diffusion of NH," ions and supported the idea that the core
material could improve the electronic conductivity.

In addition, we investigated the CV performances of the
Sb,S;/MoS, electrode at different scan rates in the range 5-
100 mV s~ * (Fig. 2a). The nature of the CV curves indicated the
pseudocapacitive nature and the current response increased
linearly with the scan rate. The intensities of the curves indi-
cated that the conversion reaction was entirely reversible, which
may lead to a high capacity and coulombic efficiency. The
kinetic behavior of the Sb,S;/MoS, electrode was further
studied by fitting the power law relationship in the CV profile.
Here, ‘b’ is defined as the slope of the plot of the log of the
current against the log of the scan rate, and it has specified
values like 0.5 and 1, which indicate that the charge-storage
mechanism is either by diffusion control (0.5) or surface
control (1).* The ‘b’ value plot for the Sb,S;/MoS, electrode is
shown in Fig. S6d,T and its slope was 0.96, indicating that the
electrode stored charges prominently through surface-
controlled processes and that it exhibited considerable pseu-
docapacitive behavior.”> The quantitative distribution of the
charge-storage mechanism was further examined to evaluate
the exact contribution from the surface and diffusion processes.
The capacity contribution with the scan rate was calculated and
is shown in Fig. 2b. At a 60 mV s~ ' scan rate, the capacitive
contribution percentage was 88% and the surface-controlled
contribution increased with the increasing scan rate. The
kinetic study results indicated that surface-controlled processes
were mainly responsible for the charge storage in Sb,S;/MoS,.

The GCD curves of the Sb,S;/MoS, electrode at current
densities from 3-10 A g~ displayed an almost symmetrical
curve even at a low current density (3 A g~') (Fig. 2¢) and the
potential drop was significantly smaller than for the Sb,S;
electrode, demonstrating the low series resistance of the Sb,S;/

This journal is © The Royal Society of Chemistry 2024
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MoS, electrode. Fig. 2d shows the specific capacitance of the
Sb,S3:/MoS, electrode, extracted from the discharge profiles at
various current densities. The electrode achieved a maximum
gravimetric capacitance of 360 F g~ ' at a current density of
3 A g’l, demonstrating that the Sb,S;/MoS, heterostructure
significantly improved the charge adsorption and increased
NH," storage. This high capacitance improvement was mainly
due to the enrichment of the MoS, surface activity. In addition,
the long-term cycling stability of the Sb,S;/MoS, electrode was
tested using GCD measurements at a current density of 12 Ag ™"
(Fig. 2e), revealing 90% of the specific capacitance of the Sb,S;/
MosS, electrodes was retained after 5000 cycles and almost 97%
of the corresponding coulombic efficiency during cycling.
Moreover, the nature of the initial and final GCD cycles
(Fig. S77) corroborated the stable performance of the Sb,S;/
MoS, electrode.

The excellent cycling stability of the electrode was due to its
heterostructure, which prevented dissolution of the core due to
the presence of surface oxygen (see the inset of Fig. 2e). It has
been well demonstrated that H bonding between NH," and
lattice O can stabilize lattice structures and suppress material
dissolution.® Next, EIS measurements were performed to
investigate the kinetics of the Sb,S;/MoS, electrode before and
after cycling stability tests, and the Nyquist plots and the fitted
circuit are provided in Fig. 2f. The small increment in R
observed after 5000 cycles indicated an increase in internal
resistance;> the other parameters corresponding to the equiv-
alent circuit are provided in Table S1.f The better electrode
kinetics and electrochemical properties of the Sb,S;/MoS,
electrode were presumably the result of the synergistic effects
between the excellent conductivity of the Sb,S; nanorods and
the abundant electroactive sites provided by MoS, nanosheets
that promote facile ion migration and storage. The above
discussion reveals that the Sb,S;/MoS, is a promising anode
candidate for NH," storage.

The well-reported MnO, was selected as a cathode for
ammonium-ion storage due to its abundance, high theoretical
capacitance, environment friendliness, and cost-effectiveness. A
potentiodynamic method was used to synthesize free-standing
MnO, electrodes on carbon cloth (CC), and deposition cycles
were adjusted to achieve the optimum mass loading. XRD was
used to investigate the structural features of MnO,. The broad
diffraction peaks around 26 = 30° and 43.6° were ascribed to the
[002] and [100] planes of the carbon of the CC (Fig. S8at), but no
characteristic peaks of crystalline MnO, were observed.
However, from the XPS study used to investigate the oxide
nature of Mn, the survey spectrum confirmed the presence of
Mn, O, and C (Fig. S8bt). The high-resolution Mn 2p spectrum
is shown in Fig. S8c.T Two peaks could be observed at 654.3 and
642.1 eV, corresponding to the Mn 2p,,, and Mn 2pj;/, states.
After deconvolution, the peaks at 654.3 and 652.8 eV were
assigned to Mn®*" and Mn** of Mn 2p, 5,5 and the peaks at 642.1
and 644.4 eV to Mn*" and Mn"" of Mn 2p;,,.**® The high-
resolution O 1s spectrum (Fig. S8df) showed two peaks at
binding energies of 529.6 and 531.4 eV, representing lattice
oxygen (Mn-O-Mn) and the presence of crystalline water,>**”
which confirmed the formation of MnO, on the CC.
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SEM and TEM were used to investigate the morphological
and chemical compositions of the MnO, material. The micro-
structures of the synthesized Mn materials are presented in
Fig. 3a, b and S9. A single CC thread was used in the SEM study
to investigate the morphological changes that occurred during
cycling. The Mn-50 sample displayed fewer, more unevenly
deposited particles on the CC (Fig. S9at), and at higher
magnification, a bundle of uniformly sized nanoparticles could
be observed (Fig. S9b¥) the other samples (Mn-100, Mn-150, and
Mn-200) produced similar morphologies (Fig. S9c-ff). Upon
increasing the number of deposition cycles, the MnO, loading
on CC increased, and for the Mn-150 sample, a uniform coating
of nanoparticles over the surface of CC was observed (Fig. 3a
and b). The overgrowth of nanoparticles was observed for the
Mn-200 sample. The TEM analysis (Fig. 3¢ and d) showed
a similar morphology for the Mn-150 sample. Dense particles

7592 | J Mater. Chem. A, 2024, 12, 7587-7597

could be observed in Fig. 3c and at higher magnification, the
crystalline lattice fringes (d = 0.27 nm) were clearly marked
(Fig. 3d and e), corresponding to the (400) plane of MnO,
(JCPDS card no. 44-0141). The SAED pattern also verified the
crystalline nature of MnO,. Furthermore, EDX mapping of Mn-
150 (Fig. 3f and S10t) showed the uniform distribution of Mn
and O. These findings concurred with the XPS results and
confirmed the successful deposition of MnO, on the CC.

The ammonium-ion-storage performances of a series of Mn
electrodes were tested using half-cells in 1 M (NH,),SO, elec-
trolyte. Comparative CV curves at a constant scan rate (50 mV
s~ ") and GCD curves at a current density of 3 A g~ for the Mn
series of electrodes measured in an optimized potential window
of 0-1 V are shown in Fig. 3g and S11a. The uniformly coated
Mn-150 electrode delivered the highest current response in the
CV study and the longest discharge time in the GCD study. A

This journal is © The Royal Society of Chemistry 2024
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comparative study showed that the uniformly coated nano-
particles had higher NH,"-storage capacities than the uneven or
overgrown nanoparticle structures (Fig. S10b¥). Also, we inves-
tigated the scan rate and current density dependent analysis of
the Mn-150 electrode (Fig. 3h and i). Upon increasing the scan
rate, the current response of an electrode increased, and
a minor shift occurred in the redox peaks due to the surface
polarization of the charges.*® In addition, the nature of the CV
curves was well maintained over the scan rate study, suggesting
the good reversibility of the Mn-150 electrode. Furthermore, at
a lower current density of 2 A g™, the Mn-150 electrode deliv-
ered the highest specific capacitance of 278.6 F ¢~ * (Fig. S11ct).
Nyquist plots of the Mn series of electrodes fitted with the
equivalent circuit (Fig. S11dt) revealed that the Mn-150 elec-
trodes had lower R (98 Q cm™?) values than the other elec-
trodes. Other parameters corresponding to the fitted circuit of
the Mn series of electrodes are summarized in Table S2.T The
above study shows that the electrodeposited MnO, cathodes are
strong candidates for ammonium-ion capacitors.

The practical application of the developed materials was
investigated by fabricating a full cell (AIHCs) by combining
Sb,S;/MoS, as the anode and MnQO, as the cathode. Here, the

This journal is © The Royal Society of Chemistry 2024

charge balance theory was employed to balance the mass of the
cathode and anode (1:0.96) and the obtained electrochemical
performances are presented. A schematic presentation of the
ATHC is illustrated in Fig. 4a. As shown in the figure, during the
first charge, NH," ions are inserted in the Sb,S;/MoS, anode
and extracted from the Sb,S;/MoS, during discharge. During
the charge-discharge process, NH," ions are continuously
shuttled between the anode and cathode.*® The CV curves of the
anode and cathode in different working potential windows at
a constant scan rate are shown in Fig. 4b. A series of CV curves
in different potential windows at a constant scan rate were used
to define the optimum potential window for the AIHC, indi-
cating 0-1.6 V was the optimum potential window for the ATHC
(Fig. 4c). In addition, CV measurements of the AIHC at different
scan rates (5-100 mV s~ ') obtained using the 0-1.6 V window
(Fig. 4d) revealed a pair of reduction/oxidation peaks. At high
scan rates, polarization shifted the positions of the oxidation
and reduction peaks with the scan rates.*® The symmetric
nature of the CV curves suggested the excellent capacitor
reversibility. The kinetics of the AIHC were investigated using
the Power law, the relationship between the log of the current
density and the log of the scan rate (Fig. S12at).*® Here, the ‘b’
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values of the cathodic and anodic peaks were accordingly 0.92
and 0.90, suggesting a combination of surface- and diffusion-
controlled processes. These values indicate that the majority
of the charges were contributed from the rapid reaction kinetics
of a surface-controlled process.®® The exact contributions from
the surface- and diffusion-controlled processes were also
calculated. Battery-type materials follow a slow charge-storage
process due to the diffusion process while capacitive-type
materials follow a fast charge-storage process due to the
double-layer/surface charge-transfer process.®*> Here, the
contribution from diffusive-(Q4) and surface-controlled (Qs)
processes was calculated at different scan rates and estimated
in Fig. S12b,T showing the contribution from the diffusion
processes decreased with increasing the scan rate. Conversely,
the charge contribution from the surface processes increased
with increasing the scan rate from 53% (5 mV s~ ') to 89%
(60 mV s™'). Even at lower scan rates, the surface-controlled
process still dominated the charge-transfer kinetics, which
was favorable for high-rate performance and indicated that the
Sb,S3;/MoS, anodes are promising candidates for ammonium-
ion capacitors.

GCD curves were also measured in different potential
windows, and a symmetrical curve potential window was
selected for further study (Fig. S12ct). The GCD performance
was measured at various current densities, and symmetric
curves were obtained without an IR drop (Fig. 4e). Specific
capacitances were also extracted at different current densities
from 0.8 to 4 A g~ '. The specific capacitances of the AIHC were
140, 133.4, 124.3,117.6, and 114.5 F g~ at 0.8, 1.2, 2.4, 3.2, and
4 A g7, respectively, with an excellent capacitive retention of
82% (Fig. S12d+t). This suggests a high reversibility of NH," ion
insertion/extraction and rapid kinetics at the cathode and

7594 | J Mater. Chem. A, 2024, 12, 7587-7597

anode, which favor long-term cycle stability. The energy and
power density of the ATHC were also determined to investigate
the electrochemical features of the cell from the charge-
discharge data (Fig. 4f). As can be seen in the Ragone plot, the
AIHC delivered a maximum energy density of 43.75 W h kg™ " at
a power density of 600 W kg™ ", which is comparable with those
previously reported for ATHCs and supercapacitors.®*>>*¢-%" In
addition, a 5-fold increase in power density was observed; the
ATHC achieved a power density of 3000 W kg™' at an energy
density of 35.77 W h kg, indicating high reversibility and
a rapid transmission of the charge carriers. Also, the long-term
cycling performance of the ATHC was determined, because this
is a crucial feature of energy-storage devices and is essential for
commercial consideration. The cycling stability of the as-
fabricated ATHC was examined at a 5 A g ' current density
(Fig. 5a). It was notable that the fabricated AIHC exhibited
excellent cycle stability and retained almost 98.6% of its initial
capacitance after 4000 cycles with 100% coulombic efficiency.
The initial and final GCD cycles of the study are presented in the
inset of Fig. 5a, which demonstrates the excellent retention and
stability of the AIHC. In addition to its excellent cycle stability,
the ATHC also showed an excellent rate capability (Fig. 5b). The
specific capacitance of the AIHC was measured when the
current density returned to a low current density of 0.8 A g~*
(140.8 F g~"), which was almost identical to its initial value (140
F g7 ") at the same current density. Moreover, the AIHC main-
tained 100% coulombic efficiency at different current densities.

The reaction kinetics of the ATHC were investigated using the
EIS technique. Nyquist plots of the AIHC before and after the
cycling stability test are shown in Fig. 5c. The semicircles
observed at high and intermediate frequencies corresponded to
the solution resistance (R;) and charge-transfer resistance (R)-

This journal is © The Royal Society of Chemistry 2024
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fitted data (inset: fitted circuit). (d) Different charging/discharging state points on the GCD cycle. (e) Ex situ XPS survey spectra of the Sb,S3/MoS,
electrode. Ex situ study of the high-resolution (f) N 1s and (g) S 2p spectra of the Sb,Ss/MoS, electrode.

The straight line in the low-frequency region signified Warburg
impedance related to the NH,"-diffusion kinetics in the active
material. The ATHC showed a smaller R, (0.5 Q), revealing its
easy charge-transfer kinetics. In addition, after continuous
cycling, the R, value increased slightly (5.6 Q) due to negligible
deterioration of the electrode structure.®® Other parameters
corresponding to the circuit are provided in Table S3.1 The
superior charge transfer and ion-diffusion kinetics of the ATHC
were attributed to the highly conductive and porous structure of
the electroactive material, which provides rapid electron path-
ways and allows easy electrolyte penetration and more easily
accessible active sites for ammonium-ion storage.®® These
results suggest a new route toward the development of high-
performance, stable ammonium-ion-storage systems for grid-
scale applications.

Next, ex situ XPS characterizations were employed to study
the structural evolution of the Sb,S;/MoS, material during NH,"
charging-discharging at different stages of the charge-
discharge cycle, as shown in Fig. 5d. The full survey spectrum of
the anode at various stages of charge-discharge is presented in
Fig. 5e and confirmed the evolution in the S 2p and N 1s spectra.
The high-resolution N 1s spectra of the anode at different states
are shown in Fig. 5f. In the pristine state, the N 1s spectrum of
Sb,S3;/MoS, was deconvoluted into two peaks at 394.9 and
397.8 eV, associated with Mo 3p and -N-H-, respectively.®® 7> At
fully charged, a new peak arose at 401.8 eV, ascribed to -N + H-
segments, indicating the successful insertion of NH,".”
Furthermore, the -N-H- content was reduced and assigned to
the protonation state (-N + H-) caused by the adsorption of
NH," on the surface of the electrode.' After full discharge, the -

This journal is © The Royal Society of Chemistry 2024

N + H- segment-associated peak intensity (401.7 eV) sharply
decreased, indicating NH," extraction during discharge.”
Furthermore, a new peak could be observed in Fig. 5g in the S 2p
spectrum at 168.87 eV, corresponding to the oxidized sulfur
remaining after discharge. This suggested that the sulfur was
not totally returned to its original state and the inserted ions
had not been completely extracted. In the high-resolution Mo
3d spectrum (Fig. S13af), only a very slight shift in binding
energy was observed in the fully charged state with a decreased
intensity. In the fully discharged state, the peaks shifted toward
the original state, confirming the insertion and extraction of
NH," ions during the charge/discharge process. Similar results
were observed in the high-resolution Sb 3d spectrum
(Fig. S13b¥), where the Sb 3d peaks were shifted toward higher
binding energy on charging and returned to their original
positions after discharging. In addition, the O 1s spectra were
also examined (Fig. S13ct), and two deconvoluted peaks were
observed, representing O from the core of the material (530.5
eV) and absorbed water (532.2 eV).”® In the fully charged state,
the intensity of the hydroxyl group increased, and the slight
shift to higher energy indicated the insertion of NH," ions. After
full discharge, the NH," ions were extracted, and the peaks re-
emerged at their original energies. The existence of a peak at
401.7 eV after full discharge in the N 1s spectrum confirmed the
insertion and presence of NH,' ions in the electrode. The
shifting and diminished intensities of the peaks in the
elemental spectra that occurred upon charging also supported
the insertion of NH," ions. These results disclosed that NH,"
ions were inserted and extracted from the Sb,S;/MoS, anode
during charging and discharging.
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The above results corroborate that the Sb,S;/MoS, anode is
a promising candidate for ammonium-ion storage. The highly
conductive Sb,S; core helps to improve the conductivity of the
heterostructured electrode material and effectively optimize the
charge transport. The interlayer spacing of the MoS, shell
material enables the easy insertion and extraction of ions, and
improves the storage capacity of NH," ions. In addition, the
heterostructure increases the specific surface area and provides
highly active sites to interact with NH," ions. Furthermore, the
presence of O increases the surface interactions, forms
hydrogen bonds, and thus, increases the charge storage. This
formation and breaking of bonds enables excellent NH,"
storage in the Sb,S;/MoS, electrode, while the interlayer spacing
of the MoS, nanoshell increases the device storage capacity.

Conclusions

The use of non-metal charge carriers, especially ammonium
ions, in electrochemical energy-storage devices has garnered
attention because of their cost-effectiveness, safety, and envi-
ronmentally friendly characteristics. We successfully developed
a heterostructured Sb,S;/MoS, anode material using a two-step
hydrothermal method. The heterostructure of the electrode
improved the electrochemical performance due to the synergy
between the nanorods and nanoflakes, facilitated easy ion
transfer, and demonstrated a high specific capacitance of 360 F
g~ '. In addition, an ammonium-ion hybrid capacitor con-
structed using a MnO, cathode and an Sb,S;/MoS, anode
delivered superior energy and power density. Also, it exhibited
excellent cycling performance, with a capacitive retention of
98.6% after 4000 cycles and a coulombic efficiency of 100%. In
addition, ex situ XPS analysis was used to investigate the
reversible insertion/extraction of NH," ions in the Sb,S;/MoS,
anode during the charging and discharging process. This work
demonstrates the potential of ammonium-ion hybrid capacitors
and provides perspectives for the future anode materials
required for ammonium-ion-storage systems.
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