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Abstract

Lithium—sulfur (Li—S) batteries are regarded as promising next-generation energy storage systems, but
their practical application is limited by the intrinsic insulating nature of sulfur, the dissolution and
shuttling of lithium polysulfides, and sluggish redox kinetics. To address these challenges, a

multifunctional sulfur host was developed by integrating biomass-derived activated carbon (AC) with

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

ammonium vanadium oxide (NVO) nanobelts, to form an NVO/AC composite. The porous AC
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framework provides a conductive matrix with high surface area and large pore volume for efficient

(ec)

sulfur encapsulation and physical confinement of polysulfides. Meanwhile, the incorporated NVO
introduces abundant polar V-O sites and mixed-valence redox-active centers, enabling strong chemical
adsorption of polysulfides and catalyzing their bidirectional redox conversion. Owing to this synergistic
design, the NVO/AC cathode delivers a high discharge capacity of 1476.9 mA h g*' at 0.1 C. These
results demonstrate that combining layered ammonium vanadium oxide electrocatalysts with biomass-
derived porous carbon hosts offers a practical and efficient strategy for improving the electrochemical

performance of Li—S batteries.

Keywords: Lithium—sulfur batteries, Vanadium-based catalyst, Biomass, Activated carbon,

Polysulfide conversion
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1. Introduction

Lithium—sulfur (Li—S) batteries have emerged as a promising alternative to conventional lithium-ion
batteries due to their exceptional theoretical specific capacity of 1675 mA h g-! and high energy density

of approximately 2600 W h kg™'.! Compared to nickel-cobalt-manganese (NCM) cathode materials,

sulfur offers several advantages, including its natural abundance, environmental benignity, and low cost.

2 However, despite these intrinsic benefits, the practical implementation of Li—S batteries is still
hindered by several fundamental challenges. In particular, the inherently low electrical conductivity of
sulfur significantly limits the charge-transfer efficiency. Moreover, during cycling, sulfur undergoes
complex multistep electrochemical reactions that generate intermediate lithium polysulfides (LiPSs)
species. ** These polysulfides are highly soluble in organic electrolytes and readily migrate between
the cathode and anode, giving rise to the so-called shuttle effect. This undesirable phenomenon leads to
continuous loss of active materials, low coulombic efficiency, severe capacity fading, and poor cycling

stability, thereby posing significant obstacles to the commercialization of Li—S batteries.

To address these issues, various carbon-based materials have been widely explored as sulfur host
matrices, including carbon nanofibers (CNFs), > ¢ carbon nanotubes (CNTs), 7-® reduced graphene oxide
(rGO), % 19 and porous carbon structures. '!- 1> These carbonaceous frameworks provide continuous
electron-conduction pathways that partially alleviate the insulating nature of sulfur, while their porous
architectures enable physical confinement of sulfur species and accommodate the large volumetric
expansion associated with sulfur conversion during cycling. Among them, biomass-derived activated
carbon (AC) has attracted particular interest owing to its low cost, abundant and renewable precursors,
well-developed porous structures, and sustainability from a circular-economy perspective. The large
specific surface area and pore volume of AC allow for high sulfur loading and improved electrolyte
infiltration, thereby enhancing sulfur utilization. In addition, the carbon framework contributes to
maintaining structural integrity during repeated charge—discharge processes. '3 4 Nevertheless, despite
these promising attributes, AC is not sufficient to fully overcome the challenges associated with Li—S

batteries. A major limitation arises from its nonpolar nature, which results in weak interactions with
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polar LiPSs. 1> As a result, LiPS retention is inadequate, and the shuttle effect remains a persistent issue.

To overcome the intrinsic limitations of nonpolar carbon hosts, the incorporation of polar
electrocatalytic components has been proposed as an effective strategy to chemically immobilize LiPSs
and accelerate the redox conversion of LiPSs. In this context, various transition-metal-based catalysts,
such as transition metal oxides, '-!® carbides, 2! nitrides, ?> >3 and sulfides, >* > have been integrated
into sulfur cathodes to regulate sulfur redox chemistry. These polar materials can provide strong
chemical interactions with LiPSs and reduce the activation energy for sulfur reduction and Li,S

oxidation, thereby suppressing the shuttle effect and improving reaction kinetics.

Among various candidates, vanadium (V)-based materials have attracted considerable interest owing
to their unique electronic structures and versatile oxidation states. Both theoretical calculations and
experimental studies have demonstrated that V-based catalysts exhibit strong chemical adsorption
toward LiPS intermediates and significantly reduced energy barriers for bidirectional sulfur redox
reactions. 2¢ In particular, vanadium oxides, such as V,0s and VO, containing polar V-O bonds, have
been reported to act as effective polysulfide anchors and catalytic centers when employed as interlayers

or hybrid sulfur hosts, thereby enhancing reaction kinetics, rate capability, and cycling stability. >7->

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Nevertheless, conventional vanadium oxides often suffer from the limited electrical conductivity, which

restricts their effectiveness in fully regulating polysulfide conversion in Li—S batteries.
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Ammonium vanadium oxide ((NH4)V4019, NVO) represents a distinctive layered vanadium oxide
composed of corner- and edge-sharing VO, polyhedra separated by NH,* pillars. 3933 This unique
structure exposes abundant polar V-O sites and accommodates mixed-valence vanadium species
(V#/V3%), which synergistically contribute to both polysulfide anchoring and catalytic conversion.
Specifically, the polar V-O bonds provide strong electrostatic interactions with the Li* moieties of
LiPSs, enabling robust chemisorption. Meanwhile, the V4/V3* redox couple operates as an electron-
transfer relay: V°* centers accept electrons from soluble LiPSs to facilitate their reduction toward
shorter-chain species and Li,S during discharge, while V#* centers donate electrons to promote Li,S

oxidation during charging. This reversible V4/V3" interconversion establishes a dynamic redox balance
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that accelerates the bidirectional sulfur redox. 3* Moreover, the layered architecture of NVO can
facilitate interfacial electron transport and provides multiple redox-active centers associated with its
mixed-valence nature. 3>4! These characteristics suggest that NVO could serve as an efficient catalytic
platform for regulating polysulfide conversion in Li—S batteries. Despite these promising attributes, the

application of NVO as a functional component in Li—S batteries has remained largely unexplored.

Herein, we report the rational design and synthesis of a biomass-derived activated carbon (AC)-
supported ammonium vanadium oxide (NVO) composite (NVO/AC) as a multifunctional sulfur host
for high-performance Li—S batteries. Waste coffee grounds were upcycled into highly porous AC,
providing a conductive framework with a large pore volume for sulfur encapsulation and physical
confinement of polysulfides. Polar NVO nanobelts were subsequently grown in situ on the AC surface,
constructing a heterogeneous hybrid architecture that integrates the conductivity and structural
advantages of carbon with the strong chemical adsorption and electrocatalytic activity of NVO. In this
hybrid architecture, the porous carbon framework ensures efficient electron transport and sulfur
accommodation, while the uniformly distributed NVO offers abundant polar V—O sites and redox-active
centers to chemically anchor LiPSs and catalyze their bidirectional conversion. Density functional
theory (DFT) calculations reveal that the NVO surface exhibits significantly stronger chemisorption
toward LiPSs than nonpolar or oxygen-functionalized carbon, which is favorable for suppressing
polysulfide shuttling. Consistent with these theoretical insights, electrochemical analyses demonstrate
that the NVO/AC composite effectively accelerates polysulfide conversion kinetics and improves
interfacial charge-transfer processes. Consequently, the synergistic integration of AC and NVO leads
to enhanced sulfur utilization, suppressed shuttle effect, and improved rate capability and cycling

stability in Li—S batteries.
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2. Experimental

2.1. Synthesis of AC

In this work, the AC was synthesized by using waste coffee grounds (Starbucks) and potassium
hydroxide (KOH, 95.0%, Samchun) as starting materials. Coffee grounds were dispersed in deionized
water by sonication, followed by centrifugation. The resulting solid was then washed with deionized
water and ethanol, and dried at 80 °C in a vacuum oven overnight. Subsequently, the dried product was
calcined for 2 h in air at 350 °C, with a heating rate of 5 °C min™!. The heat-treated powder and KOH
were then ground together at a weight ratio of 1:3, and the resulting mixture was calcined at 800 °C
(ramp rate = 5 °C min!) for 1 h under an argon atmosphere. After that, the calcined powder was
dispersed in 200 mL of deionized water, and hydrochloric acid (HCI, 37%, Duksan) was added to adjust
the pH to 7. The solution was then centrifuged and washed with deionized water and ethanol. Finally,

the obtained product was dried at 80 °C and vacuum—dried overnight.

2.2. Synthesis of NVO/AC

The NVO/AC was synthesized via a hydrothermal method. First, 90 mg of ammonium metavanadate

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(NH4VOs, 99.0%, Samchun) was dissolved in 50 mL of a solution containing ethanol and deionized

water (1:9 by volume), and then AC was added. After that, HCl was added to adjust the pH to 2, and

Open Access Article. Published on 30 April 2026. Downloaded on 5/1/2026 6:13:32 AM.

the mixture was stirred for 60 min. The resulting solution was transferred to a 100 mL Teflon-lined

(ec)

autoclave and heated at 140 °C for 2, 6, 10, 14, or 20 h to investigate the effect of reaction time. After
the reaction, the solution was centrifuged and washed with deionized water and ethanol, and the
obtained product was dried overnight at 80 °C. Finally, the dried product was calcined at 400 °C (ramp

rate = 5 °C min™!) for 1 h under an argon atmosphere

2.3. Synthesis of S/NVO/AC composites

For the composite synthesis, sulfur was incorporated into the NVO/AC host to obtain the sulfur-
loaded NVO/AC composite (S/NVO/AC) by mixing NVO/AC and sulfur at a weight ratio of 1:3,

followed by vacuum sealing and heat treatment at 155 °C for 12 h. For comparison, a sulfur-loaded
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activated carbon composite (S/AC) was prepared using the same procedure.

2.4. Material characterization

The crystal structures of the as-synthesized samples were analyzed by X—ray diffractometry (XRD;
SmartLab, Rigaku), while the specific surface areas and pore size distributions were determined by
Brunauer—Emmett-—Teller analysis (BET; ASAP 2460, Micromeritics). The chemical states of the
elements were investigated via X—ray photoelectron spectroscopy (XPS; MultiLab 2000, Thermo Fisher
Scientific), and the Raman spectra were recorded using a laser Raman spectrophotometer (NRS-5100,
JASCO). The sample morphologies were examined by transmission electron microscopy (TEM; EM—
2010, JEOL) and field emission scanning electron microscopy (FE-SEM; JSM—-7900F, JEOL), while

the elemental compositions were determined via energy dispersive spectrometry (EDS).

2.5. Electrochemical characterization

For electrochemical characterization, a slurry was prepared consisting of 70 wt% active materials,
20 wt% conductive additive (carbon black; Thermo Fisher Scientific), and 10 wt% binder
(polyvinylidene fluoride (PVDF; MTI Korea)) in N-methyl pyrrolidone (NMP; Sigma Aldrich). This
slurry was then coated onto carbon-coated aluminum foil and dried at 70 °C overnight. The loading
mass of the active material was 1.0—1.5 mg cm™. A coin cell was assembled in a standard CR2032
configuration inside an argon-filled glovebox with a moisture content below 0.1 ppm. The electrolyte
was prepared by dissolving 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI; Sigma Aldrich)
in a 1:1 (v/v) mixture of 1,2-dimethoxyethane (DME; Sigma Aldrich) and 1,3-dioxolane (DOL; Sigma
Aldrich), with the addition of 1 wt% lithium nitrate (LiNOs3). Celgard 2400 was used as the separator.
Galvanostatic charge—discharge (GCD) measurements were performed using a battery tester (WBCS
3000, WonATech, South Korea) within the voltage range of 1.7-2.8 V (vs. Li/Li"). Meanwhile, cyclic
voltammetry (CV) measurements were obtained at various scan rates by using an electrochemical
workstation (CHI440C, CH Instruments) within the same voltage range as the GCD tests. Galvanostatic
intermittent titration technique (GITT) measurements were collected at a current density of 0.1 C for

10 min with a rest interval of 10 min. The electrochemical impedance spectroscopy (EIS) data were
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acquired using a ZIVE SP1 (WonATech, South Korea) over the frequency range of 10 mHz to 100 kHz,

and were fitted using ZMAN software.

2.6. Preparation and adsorption test of the Li,S¢ electrolyte

To prepare the 5 mM Li,Sq electrolyte, a 1:5 molar ratio of lithium sulfide (Li,S; Thermo Fisher
Scientific) and sulfur (S; Samshun) was dissolved in a 1:1 (v/v) mixture of DME and DOL, followed
by stirring. After that, 4 mL of Li,S4 solution was added to each AC and NVO/AC sample, and the

adsorption effect was evaluated by monitoring the color change over time.

2.7. Assembly and measurement of the symmetric cells

Symmetric cells containing the AC or NVO/AC samples were assembled as coin cells by placing
two identical sulfur-free electrodes between a Celgard 2400 separator, followed by addition of the Li,S¢
electrolyte. After that, CV measurements were performed at 0.1 mV using an electrochemical

workstation (CHI440C, CH Instruments) in the voltage range of —1.5to 1.5 V.

2.8. Preparation and precipitation test of the Li,Sg electrolyte

For this procedure, a 0.5 M Li,Sg catholyte was prepared by dissolving 1:7 (mol/mol) Li,S and S in

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

tetraethylene glycol dimethyl ether (TEGDME; Sigma Aldrich) and stirring at 60 °C for 12 h. The Li,S

Open Access Article. Published on 30 April 2026. Downloaded on 5/1/2026 6:13:32 AM.

deposition test was conducted using a battery tester (WBCS 3000, WonATech). The cell was assembled

(ec)

using sulfur-free electrodes along with the as-prepared Li,Sg electrolyte. The cell was discharged to
2.06 V at a constant current of 0.112 mA, followed by a potentiostatic hold at 2.05 V, during which

Li,S deposition was monitored.

2.9. Compuational methods

Density functional theory (DFT) calculations were performed using the Vienna Ab initio Simulation
Package (VASP). 4> The electron exchange-correlation interactions were described by the generalized
gradient approximation (GGA) with the Perdew—Burke—Ernzerhof (PBE) functional, ¥ and the
projector augmented wave (PAW) method was employed to treat the core—valence electron interactions.

4 A plane-wave cutoff energy of 400 eV was used for all calculations. The Monkhorst—Pack k-point
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meshes of 3 X 3 x 1 and 3 X 5 x 1 were used for the graphene-based models and the NVO (001) slab,

respectively. A vacuum layer of 15 A was introduced in the z-direction to avoid spurious interactions

between periodic images, and dipole corrections were applied along the surface normal direction.
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3. Results and discussion

As detailed in the experimental section and shown schematically in Fig. 1, the AC was prepared from
spent coffee grounds via a two-step thermal treatment and KOH activation. Briefly, the washed and
dried coffee waste was first carbonized and then chemically activated with KOH at an elevated
temperature to yield a highly porous AC host. The NVO/AC composite was then prepared by
hydrothermal growth of NVO on the AC surface, followed by post-annealing at 400 °C, yielding

crystalline NVO nanobelts uniformly anchored on the AC framework.

The crystal structures of the as-synthesized AC and NVO/AC samples are revealed by the XRD
results in Fig. 2a. Notably, no distinct peaks are observed in the AC spectrum, whereas the NVO/AC
sample exhibits characteristic diffraction peaks corresponding to the (001), (002), (202), (110), (003),
(400), (311), (205), (020), and (712) crystalline planes of (NH,)V40,, (JCPDS No. 31-0075). This

crystal structure belongs to the monoclinic system with the C2/m space group. 446

The structural characteristics of the as-synthesized materials are revealed by the corresponding

Raman spectra in Fig. 2b and c. In the range of 1200-1800 cm™! (Fig. 2b), two distinct peaks are

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

observed, including the D band (originating from disordered carbon) at approximately 1350 cm™! and

the G band (associated with graphitic ordered carbon) near 1600 cm™'. -4 The comparable Ip/Ig ratios

Open Access Article. Published on 30 April 2026. Downloaded on 5/1/2026 6:13:32 AM.

of AC and NVO/AC suggest that the hydrothermal synthesis process does not induce significant

(ec)

structural changes in the carbon matrix. In the range of 100—1200 cm™" (Fig. 2¢), however, no distinct
peaks are observed for the AC sample, while multiple peaks are present in the NVO/AC sample,
suggesting that these peaks originate from the NVO component. 4-32 The low-frequency Raman region
typically reflects external modes of the lattice, including the bending and wagging modes. The peak at
150 em™! is attributed to the external lattice vibration mode of the V-O—V linkages, while those at 201
and 994 cm™' correspond to the respective wagging and stretching vibrations of the terminal V=0 bonds.
Additional peaks are observed at 290 and 415 cm™! due to the bending vibration of the V=0 double
bond in the O;—V=0 configuration and the bending vibration of the V-0O;—V bond. Meanwhile, the

peak at 699 cm™! corresponds to the symmetric stretching vibration of the V-O—V linkage.
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The pore structures of the AC and the NVO/AC composite are characterized by the N, adsorption—
desorption isotherms in Fig. 2d, while the corresponding surface area and pore volume data are
summarized in Table 1. The AC exhibits a typical Type I isotherm, which is indicative of a microporous
structure, with a high specific surface area of 2589.8 m? g! and a total pore volume of 1.1267 cm? g
By contrast, the NVO/AC composite exhibits a slightly lower surface area of 2503 m? g! but a larger
pore volume of 1.6951 cm? g~!. Notably, the NVO/AC composite exhibits a hybrid Type I/TV isotherm,
characterized by a sharp uptake at low relative pressure (P/P, < 0.1), suggesting the preservation of
microporosity from the AC host, while the distinct hysteresis loop in the intermediate P/P, range of
0.4-0.9, demonstrates the introduction of mesoporosity. These pore characteristics are further
confirmed by the BJH pore size distribution analysis in Fig. 2e. The AC exhibits negligible
mesoporosity in the 2—50 nm range due to its microporous nature, whereas the NVO/AC composite
shows a clear pore peak at around 4 nm. Such a hierarchical pore structure is expected to provide a
more favorable physical confinement environment for sulfur species. The sulfur loadings of the
S/NVO/AC and S/AC composites were evaluated by TGA, as shown in Fig. 2f. Consistent with their
large pore volumes, the AC and NVO/AC samples exhibit high sulfur loadings of approximately 75%

and 73%, respectively.

The surface chemical states of the AC and NVO/AC samples are analyzed by the XPS results in Fig.
2g—1. The high-resolution O 1s spectra (Fig. 2g) show the appearance of an additional peak at 529.6 eV
for the NVO/AC composite, which is absent from the AC. This peak is characteristic of the lattice
oxygen associated with V-0 bonds and is therefore indicative of the presence of NVO in the composite.
Similarly, the V 2p spectra in Fig. 2h show no discernible signals for the AC, whereas the NVO/AC
exhibits characteristic V 2ps, and V 2p;,, doublets. The peaks at 515.7/523.4 €V and 517.1/524.7 eV
are assigned to V4" and V>*, respectively (V 2ps»/V 2pi5»), suggesting the coexistence of mixed-valence
vanadium species in the composite. The coexisting V#/V3* species are expected to serve as efficient
electron-transfer mediators that facilitate the catalytic conversion of LiPSs. As reported for vanadium-
based electrocatalysts, high-valence V#/V>* centers function as strong electron acceptors capable of

distorting LiPS intermediates and facilitating the cleavage of S—S and Li—S bonds, while the reversible
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interconversion among vanadium valence states establishes a dynamic redox balance that accelerates

stepwise sulfur transformations. 3* Likewise, the N 1s spectrum in Fig. 2i displays no detectable N-
related signals for the pure AC, while the NVO/AC presents a distinct peak at 400.3 eV, which can be

attributed to nitrogen species originating from NH," in the NVO structure.

The morphologies of the AC and NVO/AC samples are characterized by SEM, as shown in Fig.
3a—d. As shown in Fig. 3a, the AC exhibits a three-dimensional porous architecture with various pore
sizes, which facilitates electrolyte penetration and provides a favorable environment for sulfur
immobilization. Meanwhile, the images in Fig. 3b and c clearly reveal the uniform growth of NVO
nanobelts with an average width of 68.4 + 25.3 nm on the carbon surface in the NVO/AC composite.
The evolution of this NVO morphology depending on the hydrothermal reaction time at a fixed

temperature of 140 C is further revealed by the SEM images in Fig. S1 of the Supporting Information.

At a reaction time of 2 h, flower-like NVO structures are dispersed on the AC surface. As the reaction
time is increased, the NVO is seen to grow gradually, and the NVO morphology transitions into well-

defined nanobelt structures that form a dense and interconnected network.

The distributions of C, N, O, and V in the NVO/AC composite are revealed by the SEM image and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

corresponding elemental mapping results in Fig. 3d. All elements are uniformly distributed throughout

the carbon matrix, suggesting the homogeneous growth of NVO on the AC framework. Further insights

Open Access Article. Published on 30 April 2026. Downloaded on 5/1/2026 6:13:32 AM.
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into the crystal structure of the NVO/AC are provided by the TEM images in Fig. 3f and g. The
NVO/AC composite displays a thin nanobelt morphology with distinct lattice fringes, in which the
interplanar distances of 0.48 and 0.349 nm, corresponding to the (002) and (110) planes, respectively.
Moreover, the corresponding SAED pattern in Fig. 3h shows well-defined diffraction spots that are
indexed to the (202), (205), and (020) planes, which is in good agreement with the above-mentioned
XRD results, confirming the crystalline nature of NVO in the composite. The side-view TEM image of
the NVO nanobelts (Fig. S2) reveals lattice fringes corresponding to the (002) plane, further confirming
the preferential stacking along the [001] direction and the dominant exposure of the (001) basal plane.

This observation is consistent with previous reports on NVO nanobelts, in which the extremely high
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intensity of the (001) reflection has been attributed to the preferential exposure of the (001) surface

facets. 3

As discussed above, the polar V-0 sites exposed on the NVO surface are expected to provide
stronger anchoring sites for LiPSs compared to the nonpolar carbon framework. To theoretically
validate this hypothesis, DFT calculations were performed to compare the binding energies of
representative polysulfide species (Li,S; and Li,S4) on various carbon-based surfaces and the NVO
(001) surface (Fig. S3). As shown in Fig. 4a, pristine graphene and defect-graphene exhibit negligible
binding energies toward both Li,S, and Li,S4, which is consistent with the well-known nonpolar nature
of sp? carbon that results in weak van der Waals interactions with polar LiPS molecules. The
introduction of oxygen functional groups (*O and *OH) onto the carbon surfaces moderately enhances
the binding strength, yielding binding energies in the range of —0.4 to —0.7 eV. These values correspond
to weak physisorption or incipient chemisorption, which is insufficient to effectively anchor LiPS
molecules. In stark contrast, the NVO (001) surface exhibits substantially stronger binding energies of
—1.78 eV for Li,S, and —1.33 eV for Li,S¢, indicating robust chemisorption. A similar trend was also
obtained for the NVO (100) surface in additional calculations (Fig. S4), with binding energies of —2.31
eV for Li,S, and —1.99 eV for Li,S¢, suggesting that strong LiPS adsorption is not limited to the basal-
plane model and may also persist at edge/side-facet-like exposed surfaces. This remarkable
enhancement can be attributed to the unique electronic structure of NVO. Due to the presence of NH,*
pillars intercalated between the V,0,, layers, the exposed (001) surface possesses an anionic character
with an excess electron density of approximately 2.09 e nm2. This negatively charged surface provides
abundant electrostatic interaction sites for the Li" moieties of LiPSs. The optimized adsorption
configurations on graphene, defect-graphene, and NVO (001) surfaces are presented in Fig. 4b and ¢
for Li,S, and Li,S4, respectively. On the oxygen-functionalized carbon surfaces, LiPSs interact
predominantly through the *OH group via Li—O coordination, whereas on the NVO surface, multiple
Li—O interactions are established, thereby leading to a more stable adsorption geometry. The differential
charge density analysis further elucidates the distinct adsorption mechanisms (Fig. S5). For Li,S,

adsorbed on the graphene—OH surface, charge redistribution is localized primarily at the Li—O interface


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6qi00145a

Page 13 of 35 Inorganic Chemistry Frontiers

View Article Online
o o . DOI: 10.1039/D6QI00145A
with limited polarization of the adsorbate. In contrast, the NVO (001) surface induces pronounced

charge polarization throughout both the adsorbate and the surface region. This enhanced interfacial
charge poliarization facilitates stronger chemical bonding and is expected to promote more efficient
electron transport during the electrochemical conversion of LiPSs.

These theoretical predictions are experimentally supported by the LiPS adsorption test results shown
in Fig. 4d. No obvious color change is observed in the AC-containing solution, whereas the color of the
NVO/AC-containing solution gradually faded over time. After 12 h, the NVO/AC solution has become
almost colorless, suggesting a strong adsorption of LiPSs. The catalytic effects of the AC and NVO/AC
electrodes on LiPS conversion were further investigated using symmetric cells, as elucidated by the CV
profiles obtained in the voltage range of —1.5 to 1.5 V at a scan rate of 5 mV s™! in Fig. 4e. Compared
with the AC electrode, the NVO/AC celectrode exhibits a higher current, indicating enhanced
electrochemical activity toward LiPS conversion. Moreover, the enhanced redox activity and higher
LiPS conversion capability of the NVO/AC are indicated by redox peaks at £0.098 V and +0.311 V,
whereas the AC electrode only exhibits redox peaks at £0.098 V. The corresponding Tafel curves are
presented in Fig. 4f. The exchange current density (iy) was estimated from the Tafel plots according to

the Tafel equation, given as eqn (1): >*

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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where 7 is the overpotential, a is a constant, b is the Tafel slope, and i is the current density (mA cm™2).

(ec)

Accordingly, the NVO/AC exhibits a higher exchange current density of 0.063 mA ¢cm=2 compared to

0.038 mA cm? for the AC, suggesting faster charge-transfer kinetics for the NVO/AC in Li-S batteries.

The Li,S precipitation kinetics are investigated by the potentiostatic discharge curves of the AC and
NVO/AC electrodes in Li,Sg -containing solvent in Fig. 4g and h, respectively. From these results, the
Li,S precipitation capacities were estimated according to Faraday’s law. The NVO/AC electrode
delivers a capacity of 63.56 mA h g!, which is significantly higher than that of the AC electrode
(14.83 mA h g!), indicating enhanced catalytic activity of NVO in facilitating the redox conversion of

LiPSs.
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In Fig. 41 and j, the kinetic behaviors of the AC and NVO/AC electrodes are characterized according
to four classical models, including the Bewick, Fleischman, and Thirsk (BFT) models and the
Scharifker—Hills (SH) models. *->7 The relevant equations are provided as eqns. S1-S4. In the BFT
models, 2DI and 2DP indicate two-dimensional (2D) instantaneous and progressive nucleation,
respectively. In the SH models, 3DI and 3DP indicate three-dimensional (3D) instantaneous and
progressive nucleation, respectively. The results indicate that the precipitation of Li,S on pure AC is
consistent with the 2DI mechanism, whereas the behavior of the NVO/AC electrode more closely
approximates the 3DP model, suggesting a more three-dimensional and sustained Li,S growth in the
presence of NVO. According to previous reports, 2DI growth tends to form a laterally extended, film-
like insulating Li,S layer that can induce early surface passivation, whereas 3DP growth promotes more
spatially distributed Li,S precipitation, which helps preserve charge-transfer pathways during the
precipitation process. 43—45 Therefore, this shift toward 3DP-like Li,S growth in the NVO/AC
electrode is expected to be beneficial for mitigating premature electrode passivation and preserving
charge-transfer pathways during precipitation. In the NVO/AC architecture specifically, the uniformly
distributed NVO nanobelts on the porous AC surface provide abundant and spatially dispersed
nucleation sites, which promotes volumetric Li,S deposition rather than lateral film growth. This
structural advantage, combined with the catalytic activity of NVO, contributes to a higher Li,S yield
and improved reversibility of LiPS redox reactions, ultimately enhancing sulfur utilization and cycling
stability. Consequently, a higher Li,S yield and improved reversibility of LiPS redox reactions are

expected, which contributes to enhanced sulfur utilization and cycling stability.

The redox behaviors of the Li—S half-cells containing the as-synthesized cathodes during the charge—
discharge process are revealed by the CV measurements obtained in the voltage range of 1.7-2.8 V at
various scan rates of 0.1-0.5 mV s7! in Fig. 5a and b. As the scan rate is increased, the NVO/AC exhibits
a higher current density than the AC, indicating that the catalytic effect of NVO facilitates faster redox
reaction kinetics. Furthermore, as the scan rate increases, the anodic and cathodic peak positions of AC
shift more noticeably than those of NVO/AC, suggesting that the internal resistance of the pure AC is

more strongly affected by the scan rate. Meanwhile, the precise onset potentials of the anodic and
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cathodic redox reactions are determined from the plots of differential current density against voltage in

Fig. 5c and d. The anodic reaction of NVO/AC is initiated at 2.187 V, whereas that of the AC cathode
begins at 2.201 V, suggesting that the NVO effectively lowers the energy barrier for LiPS conversion
during charging. Similarly, during discharge, the cathodic reactions initiate at higher potentials of 2.442
and 2.099 V for NVO/AC, compared to 2.430 and 2.098 V for AC, further supporting the role of the
catalyst in facilitating LiPS conversion by reducing the energy barrier. 38 This catalytic effect is further
corroborated by the Tafel plots in Fig. 5e and f. Thus, in the cathodic region, the AC and NVO/AC
exhibit Tafel slopes of 59.72 and 49.29 mV dec™!, respectively, indicating faster reduction kinetics in
the presence of NVO. Similarly, in the anodic region, the Tafel slopes are 134.7 and 120.3 mV dec’,
respectively, which suggests different oxidation reaction dynamics that are possibly influenced by the
catalytic effect. *° In addition, the CV curves show a linear relationship between the peak current and
the square root of the scan rate, which reflects Li-ion diffusion behavior, in accordance with the

Randles—Sevcik equation, given here as eqn (2):
I, =(2.69 x 10°) n'3 4 D*> Cv’3 2)

where 1, is the peak current (A), n is the number of electrons involved in the redox reaction, 4 is the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

electrode area (cm?), D is the diffusion coefficient of Li* ions (cm? s!), C is the concentration of the

electroactive species in the electrolyte (mol cm=), and v is the scan rate (V s™'). Based on the CV curves
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of the AC and NVO/AC electrodes, the linear relationships between the peak current and the square

(ec)

root of the scan rate are plotted for two anodic and two cathodic peak currents in Fig. S6. The slopes of
these plots, which reflect the Li-ion diffusion coefficients, are consistently larger for NVO/AC than for

AC, indicating faster Li-ion diffusion across all redox processes. ¢

The internal resistances of the AC and NVO/AC electrodes under dynamic conditions are elucidated
by the GITT results in Fig. S7 and Fig. 5g and h. The voltage measured at the end of each 10-min rest
period is regarded as the open circuit voltage (OCV), whereas the sudden voltage response recorded
immediately after current application is defined as the closed circuit voltage (CCV). From these

measurements, the AC electrode exhibits IR drops of 16 mV during discharge (Fig. S7a) and 9 mV
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during charge (Fig. S7b), whereas the NVO/AC electrode exhibits lower values of 8.0 and 6.7 mV,
respectively (Fig. S7c and d). These results indicate that the instantaneous response upon current
application is reduced in the NVO/AC electrode, suggesting a decrease in IR overpotential due to the
catalytic effect of NVO. The internal resistance during the charge and discharge processes can be

calculated using eqn (3): ¢1-62

AR = AVocv—cevl (3)

1 applied

The results in Fig. 5i indicate that, during the charging process, the NVO/AC exhibits a lower internal
resistance than AC. Moreover, after prolonged cycling, the NVO/AC also exhibits a reduced internal
resistance during the discharging process. These results demonstrate that the incorporation of NVO
contributes to reduced internal resistance, which is beneficial for improving the electrochemical

performance of Li—S batteries.

The resistance of each sample is further evaluated from the EIS Nyquist plots in Fig. S8. The
NVO/AC exhibits a charge transfer resistance of 16.3 Q, which is significantly lower than that of the
AC (30.9 Q), indicating more efficient charge-transfer processes in the presence of NVO. This trend is

consistent with the internal resistance values calculated from the GITT results.

The electrochemical performance of the NVO/AC and AC electrodes at various current densities are
evaluated by the GCD profiles obtained during five cycles at C-rates 0of 0.1, 0.2, 0.5, 1,2, 3, and 5 C in
Fig. 6a—c. At 0.1 C, the AC exhibits an initial discharge capacity of only 1190.7 mA h g-!, whereas the
NVO/AC cathode delivers a significantly higher initial capacity of 1476.96 mA h g-'. Moreover, the
NVO/AC cathode maintains excellent discharge capacities of 974.7, 827.0, 711.1, 569.1, 476.9, and
375.0 mA h g! at the C-rates 0 0.2, 0.5, 1, 2, 3, and 5 C, respectively, and outperforms the AC cathode
at all tested rates. To confirm that the performance enhancement of NVO/AC originates from the
catalytic function of NVO rather than its intrinsic lithium storage capacity, a sulfur-free NVO/AC
electrode was evaluated within the same voltage window of 1.7-2.8 V (Fig. S9). The sulfur-free

electrode exhibited negligible capacity across all tested C-rates, confirming that the capacity
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contribution of NVO itself is minimal within this operating window. This performance enhancement

can be attributed to the catalytic effect of NVO, which lowers the energy barrier for LiPS conversion
and accelerates the redox kinetics. These effects suppress polarization, as evidenced by the reduced
voltage gap between the charge and discharge plateaus in the GCD curves. For example, at 0.1 C (Fig.
6d), the NVO/AC cathode exhibits a smaller voltage gap of 0.144 V compared to 0.156 V for the AC
cathode, indicating reduced polarization and internal resistance. Moreover, the utility of the reduction
from Li,S, to Li,S is demonstrated in Fig. S10, which compares the higher and lower specific capacity
(Qq and Q) values derived from the initial discharge voltage profiles at 0.1 C (i.e., Fig. 6d). The AC
exhibits Qy and Q. values 0f 396 and 794 mA h g™!, respectively, giving a Q,/Qy ratio of approximately
2.0. By contrast, the NVO/AC exhibits Qg and Q; values of 450 and 1126 mA h g, respectively, with
a Qr/Qy ratio of 2.28. These results indicate that the catalytic effect of NVO enhances the utility of the
reduction reaction of LiPS to Li,S. Additionally, the corresponding differential capacity (dQ/dV) versus
potential (V) plots for the AC and NVO/AC during the initial charge-discharge process are presented
in Fig. S11. Both samples exhibit features consistent with the CV results, indicating more uniform redox

reactions in the NVO/AC electrode during cycling.
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current density of 0.5 C is demonstrated in Fig. 6e. The NVO/AC cathode demonstrates excellent
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cycling stability, retaining a capacity of 512.99 mA h g*! (59.4% of its initial value) after the 300 cycles,
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along with an average capacity fade rate of 0.173% per cycle. By contrast, the AC cathode maintains a
capacity of 281.67 mA h g! (51.5% of its initial value) and shows a higher average capacity loss of
0.221% per cycle. In addition, the coulombic efficiency was maintained at around 98% during the 300
cycles, demonstrating good electrochemical reversibility and stable long-term operation. The voltage
profiles of the 10t and 100™ cycles at 0.5 C are compared in Fig. S12. Despite prolonged cycling, the
voltage profile of the NVO/AC electrode maintains a nearly identical shape to that observed for the
initial cycle, indicating superior cycling stability due to the catalytic effect of NVO. Overall, the
incorporation of the NVO catalyst into the sulfur cathode significantly enhances both the specific

capacity and cycling stability of the Li—S battery system, demonstrating the great potential of NVO as
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an effective performance-boosting catalyst. The NVO/AC cathode demonstrates superior
electrochemical performance relative to previously reported vanadium-based sulfur host materials, as
summarized in Table S1. To further assess the structural and chemical integrity of the NVO/AC
electrode after prolonged cycling, post-mortem SEM, XRD, and XPS analyses were performed on the
cathode after 300 cycles at 0.5 C (Fig. S13). The SEM images (Fig. S13a) reveal that the overall
electrode morphology is largely preserved, with NVO nanobelts remaining identifiable on the AC
surface without severe agglomeration or detachment, indicating good mechanical integrity during
prolonged cycling. The XRD pattern (Fig. S13b) confirms that the characteristic diffraction peaks of
the NVO phase are retained after 300 cycles with no emergence of new phases, demonstrating structural
robustness under long-term battery operation. Furthermore, the V 2p XPS spectra (Fig. S13c) show that
the characteristic V 2ps3»/V 2py, peaks at 517.5/525.1 eV (V*") and 516/523.8 eV (V>*) are both
preserved after 300 cycles, confirming that the mixed-valence character of NVO is maintained without
irreversible loss of either oxidation state. The N 1s spectrum (Fig. S13d) shows that the peak at 399.2
eV, attributable to NH,4* in the NVO framework, remains detectable after prolonged cycling, further
supporting the chemical stability of the NVO structure. These results collectively demonstrate that the
NVO/AC composite retains its structural and chemical integrity during prolonged cycling, supporting

the sustainability of its polysulfide anchoring and catalytic conversion functions.

To verify the electrochemical stability of NVO under real battery operating conditions, ex-situ XRD
and XPS analyses were conducted on the NVO/AC electrode at seven selected states of charge across
a full discharge—charge cycle at 0.1 C. The ex-situ XRD patterns (Fig. 7a) confirm that the characteristic
diffraction peaks of the NVO phase are consistently retained at all states with no emergence of new
phases, indicating structural robustness of NVO during electrochemical cycling. The ex-situ V 2p XPS
spectra (Fig. 7b) show that both V4 and V3* peaks are preserved throughout the full cycle, confirming
that the mixed-valence character of NVO is maintained without irreversible chemical transformation.
These results collectively demonstrate that NVO retains structural integrity and chemical stability under

practical battery operating conditions.
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4. Conclusions

A biomass-derived activated carbon (AC) supported ammonium vanadium oxide (NVO) composite
was successfully developed as a multifunctional sulfur host for Li-S batteries. The porous AC
framework derived from waste coffee grounds provides a conductive matrix with high surface area and
large pore volume, enabling effective sulfur encapsulation and physical confinement of polysulfides.
Meanwhile, the NVO nanobelts introduce polar V-0 sites and mixed-valence redox-active centers,
which strengthen chemical interactions with lithium polysulfides and promote their redox conversion.
Experimental and theoretical results demonstrate that the synergistic integration of AC and NVO
enhances polysulfide adsorption, accelerates sulfur redox kinetics, and reduces charge-transfer
resistance. Density functional theory calculations reveal stronger chemisorption of lithium polysulfides
on the NVO surface compared with carbon, while electrochemical analyses, including CV, Tafel, GITT,
and Li,S precipitation measurements, confirm improved reaction kinetics, reduced polarization, and
facilitated Li-ion transport. Consequently, the NVO/AC composite cathode exhibits enhanced sulfur
utilization, improved rate performance, and superior cycling stability relative to the AC counterpart.

This study demonstrates that combining layered ammonium vanadium oxide catalysts with sustainable

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

porous carbon hosts is an effective strategy for regulating polysulfide chemistry and improving the

electrochemical performance of Li—S batteries.
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Fig. 2 (a) The XRD patterns of the NVO/AC and AC samples. (b and ¢) The corresponding Raman
spectra in the range of (b) 1200-1800 cm™" and (c¢) 100-1200 cm™. (d and e) The N,—adsorption-
desorption curves (d) and pore size distributions (e) of the NVO/AC and AC samples. (f) The
thermogravimetric analysis (TGA) curves of the S/NVO/AC and S/AC samples. (g—i) The O 1s (g), V

2p (h), and N 15 (i) XPS spectra of the NVO/AC and AC samples.

Table 1. The specific surface areas, total pore volumes, and average pore diameters of the AC and

NVO/AC samples, as calculated from the N, sorption measurements via the BET and BJH methods.

Sample Surface area (m? g'!) Pore volume (cm?® g'!) Mean pore diameter (nm)
AC 2589.8 1.1267 1.7403
NVO/AC 2503 1.6954 2.7095
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Fig. 3 (a—c) SEM images of (a) the AC and (b and c) the NVO/AC. (d) Elemental maps of the NVO/AC

composite. (e—g) The TEM images (e and f) and SAED pattern (g) of the NVO/AC.
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Fig. 4 (a) DFT-calculated binding energies of Li,S, and Li,S4 on pristine graphene, defect-graphene,

oxygen-functionalized graphene (*O and *OH), and the anionic NVO (001) surface. (b and c)

Optimized adsorption configurations of (b) Li,S, and (¢) Li,S4 on each surface. (d) Photographic images

showing the color changes in the AC and NVO/AC powders after 0, 6, and 12 h of exposure to a Li,S¢

solution. (e) The CV profiles of symmetric cells containing the AC (gray) and NVO/AC (blue) with the

Li,Se electrolyte at a scan rate of 5 mV s'!. (f) The corresponding Tafel curves. (g and h) The

potentiostatic discharge curves of (g) AC and (h) NVO/AC in a 0.5 M Li,Sg solvent at 2.05 V. (i and j)

The dimensionless transients of the AC (i) and NVO/AC (j) compared with theoretical 2D and 3D

models.
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Fig. 5 (a and b) The CV profiles of (a) the AC and (b) the NVO/AC at various scan rates (0.1-0.5
mV). (c and d) Differential CV curves of (c) the AC and (d) the NVO/AC at a scan rate of 0.1 mV~".
(e and f) The corresponding Tafel plots in (e) the cathodic region and (f) the anodic region. (g and h)
The GITT graphs of (g) the AC and (h) the NVO/AC electrodes. (i) The calculated resistance values of

the AC and NVO/AC during the charge (top) and discharge (bottom) processes.
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rates. (c) The rate performance of the AC electrode (gray) and NVO/AC electrode (blue) at various C-
rates. (d) The GCD profiles of the AC and NVO/AC electrodes at 0.1 C. (e) The cycling performance

of the AC and NVO/AC electrodes at 0.5 C.
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Fig. 7. (a) Ex-situ XRD patterns of NVO/AC and (b) the corresponding XPS spectra.
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