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Abstract: A nanoflower-like nickel-molybdenum alloy was synthesized by hydrothermal
in situ growth of NiMoO, nanorod arrays on nickel foam (NF) followed by gas-phase
re-reduction at 600 °C. The resulting structure has a uniform porosity and high specific
surface area, which improves the availability of active sites and facilitates efficient electron
and mass transport. SEM and XPS analyses confirm that the formed NiMoOy4 nanorods are
uniformly distributed, which leads to significant optimization of their electronic structure.
The electrochemical measurements revealed that the sample exhibited excellent hydrogen
evolution reaction (HER) performance, with an overpotential as low as 127 mV at 100 mA
cm~2 and a Tafel slope of 124 mV dec™!. CV and EIS showed that the sample had the
largest electrochemically active surface area (121.3 mF cm~2) among the samples treated
at different temperatures, with the smallest charge transfer resistance. In addition, the
catalyst maintained high stability after 45 h of continuous operation. These results highlight
the potential of NiMo/NF as a highly efficient and durable HER catalyst to help advance
hydrogen energy technology.

Keywords: NiMo alloy; water electrolysis; electrocatalysis; hydrogen evolution performance

1. Introduction

The escalating severity of global climate challenges, coupled with the progressive
depletion of fossil fuel reserves, has rendered energy transition an urgent global imperative.
This critical juncture positions clean energy technologies as a pivotal strategy for concur-
rently addressing climate change mitigation and sustainable energy security [1-6]. Among
various clean energy technologies, water electrolysis is regarded as a promising approach
for producing green hydrogen, as it enables the clean conversion of water into hydrogen
and oxygen using electricity, yielding a high energy-density, emission-free fuel [7,8]. Cou-
pling water electrolysis with renewable energy sources such as wind and solar mitigates
their intermittency, reduces carbon emissions, and enhances energy efficiency and sustain-
ability [9-12]. As a result, water electrolysis for hydrogen production is gaining increasing
attention as a key component of future clean energy systems [13].

Although water electrolysis offers high theoretical efficiency, its practical performance
is hindered by the sluggish kinetics of the hydrogen evolution reaction (HER), which
demands a high overpotential to overcome energy barriers, resulting in elevated energy
consumption and production costs [14-17]. Precious metal-based electrocatalysts, such
as platinum and its alloys, are regarded as the most effective HER catalysts due to their
superior activity and low overpotential. However, their high cost and limited availability
present major obstacles to large-scale deployment [18-20]. Therefore, the development of
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non-precious metal-based HER catalysts with high catalytic performance and low cost has
become the key to solving this problem. In recent years, transition metals have become a
hot spot in electrocatalyst research due to their abundant resources, low cost and excellent
electrochemical performance, among which nickel-molybdenum (NiMo) alloys have at-
tracted much attention due to their unique electronic structure and excellent HER catalytic
performance [21-23]. It has been shown that the catalytic activity of NiMo alloys can be
significantly enhanced by modulating the component ratio, optimizing its surface structure
and compounding with other functional materials [24,25]. However, the traditional NiMo
alloy catalysts still face the problems of insufficient exposure of active sites, limited mass
transfer, and poor electrical conductivity in practical applications, and these bottlenecks
seriously limit their industrial promotion [26-29]. Consequently, optimizing the structure
and performance of NiMo alloys while preserving their intrinsic advantages has become a
key focus of current research [30-35].

To address the aforementioned limitations, this study presents a structural engineer-
ing strategy for NiMo alloy catalysts supported on nickel foam, aiming to enhance HER
performance through material optimization. NiMo alloys were synthesized on a high-
surface-area, three-dimensional porous nickel foam via a combined hydrothermal and
gas-phase reduction method. The nickel foam not only ensured excellent electrical conduc-
tivity but also increased the exposure of active sites, thereby improving catalytic activity.
Additionally, the NiMo alloy’s electronic structure was tailored by controlling crystal
growth orientation and surface morphology, effectively reducing the overpotential for HER.
The gas-phase reduction further promoted alloy uniformity and stability, contributing
to long-term electrochemical durability. The catalyst’s performance was systematically
evaluated, demonstrating its potential as a cost-effective and efficient material for hydrogen
production via water electrolysis.

2. Results and Discussion
2.1. Structural Topography Analysis

Figure 1 illustrates the X-ray diffraction (XRD) spectra of four NiMo/NF electrode
samples prepared at different reduction temperatures (the ‘heart” and ‘diamond’ symbols
in the figure represent Ni and NiMo, respectively). It can be observed that diffraction peaks
corresponding to the (111), (200) and (220) crystal planes appear at 44.50°, 51.85°, and
76.38°, respectively, which are in agreement with the standard data for NF (PDF#04-0850).
Under the reduction conditions at 600 °C, 800 °C, and 950 °C (Figure 1b—d), the diffraction
peaks of the (200) and (220) crystal planes were shifted to the left, indicating an increase
in the crystal plane spacing, which may be due to the doping of Mo ions, which have
a larger radius than that of Ni ions. In addition, diffraction peaks corresponding to the
(011), (041), (331) and (242) crystal planes appeared at 44.34°, 41°, 43°, and 49.18°, respec-
tively, which were consistent with the standard data for NiMo alloys (PDF#48-1745) [36].
In Figure 1a, the diffraction peaks of NiMo alloy were not observed, which may be due
to the low reduction temperature (400 °C), which did not allow a sufficient reduction
reaction to take place. The differences in atomic radii and electronegativity of Ni and Mo
resulted in lattice distortion, which led to the formation of diverse structures on some
of the crystalline surfaces, which manifested as new NiMo alloy diffraction peaks, such
as (041) and (331) crystalline peaks (Figure 1b) and (242) crystalline peaks (Figure 1c).
The relatively weak intensity and broadening of these diffraction peaks [37] indicate the
presence of defects in the crystal structure, leading to an increase in surface energy [37].
These structural changes contribute to the enhancement of the hydrogen evolution reaction
(HER) activity, which significantly increases the hydrogen precipitation rate. When the
reduction temperature was raised to 950 °C, the diffusion rates of Ni and Mo ions increased,



Molecules 2025, 30, 2396

facilitating the formation of Ni-Mo alloys. Consequently, the intensity of the diffraction
peaks corresponding to the (011) crystal plane of NiMo was significantly enhanced (see
Figure 1d), indicating an improvement in the integrity of the crystal structure [38-40].
In addition, by comparing with the standard data of Ni (PDF#48-1745), no obvious
NiMoOy diffraction peaks were found, which indicates that NiMoO, has amorphous
structural properties.
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Figure 1. XRD images of NiMo/NF at different reduction temperatures.

2.2. SEM Analysis

The microscopic morphological features of the electrodes were systematically inves-
tigated through scanning electron microscopy (SEM) characterization, as presented in
Figure 2. Energy-dispersive spectroscopic analysis confirmed the substantial deposition of
active materials onto the three-dimensional nickel foam substrate with an interconnected
porous architecture. High-magnification images (inset in Figure 2a) revealed the presence
of rod-shaped nanostructures with amorphous characteristics, which were subsequently
identified as NiMoQOjy through comparative XRD pattern analysis (Figure 1). Notably, these
nanorods demonstrated heterogeneous spatial distribution (Figure 2b) with longitudinal
dimensions varying between 2 and 8 um. Thermal reduction treatment induced significant
morphological evolution, where the elevated temperatures facilitated the enhancement of
the diffusion kinetics of Ni and Mo species. This phenomenon promoted the heterogeneous
nucleation processes, ultimately resulting in the surface decoration of nanorods with spheri-
cal NiMo alloy particulates (inset in Figure 2c). The formation of metallic NiMo phases was
further corroborated by the emergence of characteristic (111) and (200) diffraction peaks in
corresponding XRD patterns (Figure 1), confirming the successful phase transformation
under reductive thermal conditions [41].These spherical particles have a diameter of about
1 um and a uniform particle size distribution (Figure 2d). From the inset of Figure 2d,
it can be clearly observed that these spherical particles exhibit a flower-spherical shape,
whose surface is not smooth but consists of a uniform nanosheet structure. This flower-
spherical structure not only significantly increases the specific surface area, but also exposes
more catalytically active sites, which in turn shortens the diffusion paths of electrons and
ions and reduces the transport resistance, thus accelerating the rate of the hydrogen evo-
lution reaction (HER) and enhancing the electrocatalytic performance. Moreover, the
flower-spherical structures synthesized at a high temperature of 600 °C show significant
morphological advantages and excellent performance, which is mainly attributed to the
following key factors: firstly, the high-temperature environment provides sufficient energy
for the self-assembly process of the nanosheets, which promotes the orderly arrangement
and directional growth of the nanosheets, resulting in the formation of a regular flower-
spherical structure. This unique morphological feature not only endows the material with
rich pore structure, but also significantly increases the specific surface area, providing more
active sites for electrochemical reactions. Secondly, the high-temperature treatment helps to
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improve the crystallinity of the material and enhance its structural stability. In addition, the
multilevel pore network of the flower-spherical structure facilitates the penetration of the
electrolyte and the diffusion of the reaction products, further enhancing the electrochemical
performance of the material. The synergistic effect of these structural advantages enabled
the samples synthesized at 600 °C to exhibit significantly better catalytic activity in the
electrochemical hydrogenolysis reaction (HER) than those prepared at other temperature
conditions. The synthesis temperature of 600 °C induces three critical enhancements in
material properties: (1) The hierarchical structure with abundant nanorod arrays creates
substantial adsorption sites for reactive species (H,O, H", OH™, etc.), significantly improv-
ing interfacial contact efficiency while establishing a stable microstructural framework. This
ordered architecture not only reinforces mechanical stability but also establishes favorable
preconditions for catalytic processes. (2) Elevated crystallinity accompanied by reduced
lattice defects facilitates efficient charge carrier migration through two mechanisms: the
minimized crystal imperfections reduce the probability of electron scattering, while the
intimate interrod contact within the spherical-flower morphology effectively diminishes
interfacial charge-transfer resistance, thereby optimizing electrochemical reaction kinetics.
(3) Thermally optimized elemental distribution enables electronic synergy between Ni and
Mo components—the d-electron-enriched Ni sites preferentially adsorb and reduce H*
species, while high-valent Mo centers promote O, evolution through oxidative pathways.
This bimetal synergy, combined with their homogeneous dispersion in the spherical-flower
matrix, generates maximized interfacial active sites that significantly boost hydrogen evolu-
tion reaction (HER) efficiency. Collectively, the structural advantages of the temperature of
600 °C, including enhanced specific surface area, optimized electronic configuration, and
improved charge transfer capability, synergistically contribute to the superior electrocat-
alytic performance, positioning these materials as promising candidates for high-efficiency
hydrogen evolution applications [42-45]. Elevating the reduction temperature beyond
optimal levels induced two sequential morphological transitions: (1) At intermediate tem-
peratures, the density of spherical particles increased with concomitant size polydispersity
(inset in Figure 2e), while the lamellar architectures progressively evolved into smooth-
surfaced spherical superstructures composed of subunit assemblies (inset in Figure 2f),
which is attributed to thermally accelerated Ni-Mo alloying dynamics. (2) Upon reaching
the critical threshold of 950 °C, complete structural reorganization occurred, marked by
nanorod dissolution (inset in Figure 2g) and replacement of spherical morphologies with
linear configurations featuring multi-nodal strand assemblies (inset in Figure 2h). This
terminal transition confirms exhaustive alloying of the rod-like NiMoOy precursor and full
oxygen reduction, which is consistent with the emergence of dominant NiMo intermetallic
phases in XRD analysis (Figure 2d) [46]. In summary, SEM analyses showed that the
specimens with lamellar flower ball structure exhibited better electrocatalytic properties at
the reduction temperature of 600 °C.

To systematically investigate the surface elemental distribution of NiMo-600 °C/NF
composites, energy-dispersive spectroscopy (EDS) mapping was conducted within a repre-
sentative 5 um microregion (Figure 3). The EDS spectra exhibit prominent characteristic
peaks of Ni and Mo, confirming their dominance in the surface composition. Corresponding
elemental mapping reveals spatially consistent distributions of both metallic components
across the nickel foam (NF) substrate, demonstrating successful homogeneous loading of
NiMo species onto the three-dimensional NF framework. This uniform dispersion is further
evidenced by high-intensity superposition in the composite elemental mapping, indicative
of a well-controlled synthesis process. Quantitative analysis of the atomic ratio highlights
the predominant contribution of Ni and Mo, aligning with the designed stoichiometry of
the NiMo alloy. The observed microstructural homogeneity not only validates the struc-
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tural integrity of the NiMo/NF hybrid system but also suggests long-range ordering at the
atomic level, a critical factor for stabilizing active sites during the electrocatalytic processes.
These findings collectively establish a direct correlation between the synthesis-controlled
elemental distribution and the enhanced functional performance of the composite material.

Figure 2. (a,b) SEM images of NiMo/NF at 400 °C; (c,d) SEM images of NiMo/NF at 600 °C;
(e,f) SEM images of NiMo/NF at 800 °C; (g,h) SEM images of NiMo/NF at 950 °C.
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Figure 3. EDS scan of a NiMo-600 °C/NF sample.

Combining the application of scanning electron microscopy (SEM) and EDS analy-
sis, the relationship between the microstructure and the electrocatalytic performance of
NiMo/NF materials can be more clearly understood. The systematic analysis of the elemen-
tal distribution can reveal the catalytic mechanism of NiMo composites, which provides an
important theoretical basis and practical guidance for their potential practical application
in electrocatalytic reactions. Further studies can focus on optimizing the loading and
distribution of NiMo to enhance its catalytic activity and stability and to promote the wide
application of this material in the field of energy conversion and storage.
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2.3. XPS Analysis

The valence states of the elements Ni and Mo in NiMo/NF and Ni/NF were analyzed
by X-ray photoelectron spectroscopy (XPS). The full XPS spectra of NiMo/NF and Ni/NF
(Figure 4a) show that the elemental compositions of NiMo/NF are Ni and Mo, whereas
that of Ni/NF is Ni. The Ni 2p spectra of NiMo/NF are illustrated in Figure 4b. The
peaks with binding energies of 870.2 eV and 852.6 eV are attributed to Ni?*, while satellite
peaks are also observed at 876.4 eV and 857.4 eV. The presence of Ni?* is attributed to
the formation of oxides on the surface of NiMo/NF after exposure to air, a phenomenon
that has been reported in previous studies. Ni?* is able to accelerate the electron transfer
to water molecules and promote the decomposition of water molecules, thus enhancing
the HER performance. In addition, the peaks at 859.5 eV and 849 eV correspond to Ni’,
indicating that NiMoOy, was successfully reduced during the annealing process. For the
Ni 2p spectrum of Ni/NF (Figure 4b), the two main peaks with binding energies of 869.4
eV and 851.9 eV are likewise attributed to Ni2*, which is related to the formation of
oxides from Ni/NF in air. Figure 4c presents the results of Mo 3d X-ray photoelectron
spectroscopy (XPS) analysis conducted on NiMo/NEF. The characteristic peaks observed at
binding energies of 232.6 eV and 230 eV align with the metallic state of Mo® (zero-valent
molybdenum), providing further evidence that the NiMoOy precursor was successfully
reduced to a NiMo alloy during the annealing process. Additionally, four distinct peaks
corresponding to Mo** (231.7 eV and 225.5 eV) and Mo®* (228.8 eV and 224.5 eV) were
identified in the spectra. The presence of these higher valence molybdenum species (Mo**
and Mo®*) can be attributed to the formation of oxide layers on the surfaces of nickel—
molybdenum alloys upon exposure to air. Importantly, the electron redistribution between
nickel and molybdenum significantly optimizes the electronic structure of the material,
which in turn enhances its catalytic activity. Specifically, the synergistic effect of Ni and
Mo in NiMo alloys not only stabilizes reaction intermediates (such as H*, O*, etc.) but
also promotes catalytic reaction kinetics by lowering the energy barriers associated with
the reactions. In summary, the NiMo alloy produced through the annealing reduction
method exhibits an optimized valence distribution and electronic structure, effectively
enhancing catalytic reactions. This provides a crucial structural basis for its application in
electrochemical hydrogenation reactions (HERs) and other fields [47,48].
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Figure 4. XPS spectra of NiMo-600 °C/NF sample: (a) full spectrum, (b) Ni 2p; (c) Mo 3d.

2.4. Electrochemical Performance Analysis

By comparative analysis of the polarization curves of NiMo alloy catalysts prepared
at different calcined reduction temperatures (Figure 5, with a scan rate of 5 mV/s), it can
be clearly observed that the curves in Figure 5a indicate that the activity of the catalysts
calcined and reduced at 600 °C is significantly better than that of the samples under other
temperature conditions. Specifically, the 600 °C-treated Ni-Mo alloy catalyst exhibited

240
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excellent hydrogen evolution reaction (HER) performance with an overpotential 11109 only
127 mV [49-52], which was significantly lower than that of the catalysts prepared under
the other temperature conditions, suggesting that 600 °C is the optimal temperature for
the preparation of high-performance Ni-Mo alloy catalysts. Figure 5b demonstrates the
Tafel slope data of catalysts at different calcined reduction temperatures. Among them,
the lowest Tafel slope was observed for NiMo 600 °C, followed by NiMo 800 °C, NiMo
950 °C and NiMo 400 °C in that order. This trend clearly indicates that 600 °C is the
optimum temperature for the calcined reduction of the catalyst. At this temperature, the
Tafel slope of the NiMo catalyst was 124 mV dec~! [53,54]. The diminished Tafel slope
demonstrates accelerated hydrogen evolution reaction (HER) kinetics through reduced
activation energy barriers, manifesting as lower overpotential requirements at equivalent
current densities that synergistically enhance interfacial charge transfer efficiency and
current density escalation rates, thereby conclusively validating the superior electrochemi-
cal performance of 600 °C-synthesized NiMo/NF catalysts in facilitating energy-efficient
hydrogen production. Through this optimized calcined-reduction protocol, the critical
structure—activity correlation was established, providing mechanistic insights into Ni-Mo
synergism while offering practical design principles for developing scalable electrocatalysts
toward industrial hydrogen generation systems.
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Figure 5. (a) Polarization curves of nickel-molybdenum alloy catalysts at different reduction temper-
atures; (b) Tafel plot.

In order to investigate the effect of different calcination temperatures on the catalytic
hydrogen precipitation performance of Ni-Mo alloys, in this study, cyclic voltammetry
(CV) was used to perform multi-scan rate tests (20-100 mV/s) in the non-Faraday region
(—=0.8 ~ —0.7 V vs. RHE), and the electrochemically active surface area (ECSA) of the
catalysts was evaluated by calculating the electrochemical double layer capacitance (Cgj).
According to the equation Cg4 = 1/2 Slope, the Cy4; value was calculated using the slope
of the CV curve. Figure 6a—d demonstrate the CV curves of NiMo alloy at 400 °C, 600 °C,
800 °C and 950 °C calcination temperatures, which shows that the oxidation peaks and
reduction peaks are symmetrically distributed, and the peak heights are consistent with the
peak spacing, which indicates that the redox reaction is easily reversible. Further analysis
showed that the NiMo alloy catalyst reduced by calcination at 600 °C exhibited the highest
ECSA (121.3 mF/cm 2, Figure 6e), which was significantly better than the samples at other
temperature conditions [55]. This is due to the fact that in NiMo alloys, the electron density
distributions of Ni and Mo are realigned. The difference between the higher electron
density of Ni and the lower electron density of Mo promotes the transfer of electrons
from Ni to Mo. This causes the 3d electron orbitals of Ni to interact with the 4d electron
orbitals of Mo, resulting in a redistribution of the electron density. The addition of Ni
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modulates the electron density of Mo and lowers the d-band center of Mo, thus optimizing
the hydrogen adsorption free energy (AGH). Moreover, in NiMo alloys, there is a charge
transfer phenomenon between Ni and Mo. Ni tends to provide electrons while Mo tends to
accept electrons, and this charge transfer enhances the catalytic activity of the alloys. The
electron density of Ni decreases and the electron density of Mo increases due to its electron
transfer. This redistribution of electron density modulates the local electronic environment
at the catalytically active sites. For the HER, the electron density of the catalytic active site
needs to be moderate: too high an electron density may lead to too strong adsorption of
hydrogen, making it difficult to desorb, while too low an electron density may lead to too
weak adsorption of hydrogen, making it difficult to form the reaction intermediate. The
electron transfer of Ni and Mo brings the electron density to an equilibrium state, thus
optimizing the HER. This resulted in a significant increase in the density of active sites
on the surface of the catalyst after treatment at 600 °C, and its multi-interfacial structure
provided abundant catalytically active sites for the hydrogen evolution reaction (HER),
and consequently enhanced the catalytic performance substantially. The electrochemical
impedance spectroscopy (EIS) test results (Figure 6f) showed that the nickel-molybdenum
alloy (NiMo) catalyst treated at 600 °C exhibited the smallest charge transfer resistance
(Ret) [56,57]. In the Nyquist plot, the arc radius of the EIS spectral line is directly correlated
with R, while the NiMo catalyst treated at 600 °C has the smallest arc radius of the EIS
spectral line, indicating that its R value is significantly lower than that of the samples
treated at other temperatures. This result confirms that the catalyst treated at 600 °C has
the least charge transfer resistance at the electrochemical interface and a more efficient
electron transfer path. This excellent charge transfer property is mainly attributed to the
following mechanisms: firstly, during the 600 °C treatment, the electron density of the 3d
orbitals of Ni decreases while the number of holes increases. This change in electronic
structure makes it easier for the Ni sites to adsorb H* (protons), thus facilitating the Volmer
step (H" + e~ — H*) of the reduction of H* to H* (adsorbed hydrogen atoms). Secondly,
NiMo alloys form a more homogeneous crystal structure and tighter metal-metal bonding
under high-temperature treatment, which significantly reduces the electron transport
resistance within the material. In addition, the surface defects (e.g., oxygen vacancies)
induced by the high-temperature treatment can act as ‘highways’ for electron transport,
further accelerating the charge transfer process. At the same time, Mo sites are more prone
to promote H desorption and Hjy; formation due to the increase in electron density and
4d-orbital electron density, thus optimizing the Tafel step (2H — Hj) or Heyrovsky step
(H*+ H* + e~ — Hy) [58,59]. Therefore, the NiMo catalysts treated at 600 °C significantly
enhanced the kinetic performance of the key steps of the HER (hydrogen adsorption and
hydrogen desorption) by synergistically optimizing the electronic structures and surface
defects of the Ni and Mo sites, providing an important theoretical basis for the design of
high-efficiency non-precious metal catalysts. Since Ni has a stronger adsorption capacity for
hydrogen but a weaker desorption capacity for Mo, the synergistic effect of Ni and Mo can
regulate the free energy of hydrogen adsorption (AGH*) to be close to the thermodynamic
optimum (AGH* ~ 0), thus improving the reaction efficiency. The synergistic effect of
nickel and molybdenum also improves the stability of the reaction intermediate (H), which
further accelerates the reaction and provides efficient kinetic support for HER. During
the long-term stability test, the NiMo catalyst treated at 600 °C demonstrated remarkable
stability. As illustrated in Figure 6g, after 45 h of continuous operation using the constant
current method at a high current density of 100 mA/cm?, the performance parameters
showed no significant decline. This indicates that the structure of the active sites remained
stable and no deactivation occurred [60]. These findings robustly confirm that the Ni-Mo
alloy catalyst produced through calcination at 600 °C exhibits a combination of high activity,
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excellent stability, and efficient charge transfer capabilities. As such, it represents an ideal
catalytic material for hydrogen evolution reactions (HERs) and serves as a crucial reference
for advancing aquatic energy technologies.
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Figure 6. Cyclic voltammograms of nickel-molybdenum alloys in a 1.0 M NaOH solution at dif-
ferent scan rates in the non-Faradaic region under different calcination-reduction temperatures:
(a) 400 °C, (b) 600 °C, (c) 800 °C, and (d) 950 °C. The scan range is from —0.8 V to —0.7 V vs. RHE,
where the scan rates range from 20 mV /s to 100 mV /s, and the temperature is 25 °C. (e) The curve
of the electrochemically active surface area of nickel-molybdenum alloy catalysts under different
calcination-reduction temperatures. (f) Electrochemical impedance spectra of nickel-molybdenum
alloy catalysts under different calcination-reduction temperatures. (g) Stability diagram of the
nickel-molybdenum alloy catalyst at 600 °C measured by chronopotentiometry (CP).

3. Materials and Methods

In this study, NiMo/NF materials were successfully synthesized using nickel foam
(NF) as a substrate by weighing 0.475 g of nickel chloride (NiCl,) and 0.484 g of sodium
molybdate (Na;MoOy) using the hydrothermal method and gas phase reduction method.
Its preparation process and micro-morphology were analyzed by SEM characterization
(shown in Figure 7). Figure 7a demonstrates the porous network structure of NF with a
smooth skeleton surface, which provides an ideal support platform for the subsequent
growth of nanomaterials. The NiMoOy /NF precursor was synthesized by the hydrothermal
method according to the chemical reaction equation NaMoO4 + NiCl, — NiMoOy + 2NaCl
(Figure 7b). The SEM image (Figure 7c) shows that the NF backbone is uniformly grown
with a large number of NiMoO, nanorods, indicating that the hydrothermal method has
significant advantages in controlling the morphology of nanostructures. Subsequently,
four NiMo/NF materials at different temperatures were prepared by gas-phase reduc-
tion reaction at 400 °C, 600 °C, 800 °C and 950 °C, according to the reaction equation
NiMoOy + 4H; — NiMo + 4H,0, respectively. (Chemicals were purchased from McLean’s
Reagent and NF was purchased from China Xing Zhenghong Technology Enterprise Store).
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Figure 7. Preparation process and SEM images of NiMo/NF: (a) SEM image of NF; (b) process flow
chart for the preparation of NiMo/NF; (c) SEM image of NiMoO,/NF.

Nickel foam was selected as an ideal substrate due to its excellent electrical conduc-
tivity and high specific surface area. Nickel chloride and sodium molybdate served as
metal precursors, offering the potential for high catalytic efficiency. Uniformly distributed
NiMoOy4 nanorods were synthesized under mild conditions via a hydrothermal method,
followed by gas-phase reduction at various temperatures to form metallic NiMo. This
combined approach ensures both the controllability and reproducibility of the synthesis
process, providing a practical and scalable strategy for fabricating NiMo/NF materials
with promising catalytic applications.

For the electrochemical test, a three-electrode system was tested using an electro-
chemical workstation (Model CHI-760E Shanghai Chenhua Instrument Co., Ltd. is from
Shanghai, China.). The three-electrode system consists of four catalyst samples (working
electrode), a platinum sheet (counter electrode), and a Hg/HgO electrode (reference elec-
trode). As for the washing of nickel foam, the cut nickel foam (1 cm x 1 cm) was washed
thoroughly with acetone, 3 mol/L hydrochloric acid, anhydrous ethanol, and deionized
water. The electrolyte solution is usually 1 mol/L NaOH. Test conditions were as follows:
the electrocatalytic hydrogen polarization curve (scan speed of 5 mV/s) and impedance
were tested using 1 mol/L NaOH electrolytes, and the electrode stability was tested using
the constant current method.

4. Conclusions

In this study, NiMoOy4 nanofiber precursors were successfully synthesized on nickel
foam (NF) via a hydrothermal method, followed by gas-phase reduction to obtain NiMo
alloys. This controllable and straightforward synthesis significantly enhances the elec-
trochemical performance of the resulting electrodes. The synergistic interaction between
Ni and Mo, combined with the 3D porous nanostructure, increases the electrochemically
active surface area (ECSA) and active site density, thereby improving HER kinetics. The
porous structure also enlarges the contact area, reducing contact resistance and ensuring
uniform current distribution, which minimizes localized heating and enhances overall
conductivity. In alkaline media, the NiMo/NF electrode exhibits outstanding HER per-
formance, achieving 100 mA cm 2 at an overpotential of 127 mV and a high double-layer
capacitance of 121.3 mF cm 2. Stability testing over 45 h at high current density confirmed
excellent durability without noticeable degradation. These results underscore the benefits
of combining the favorable electrochemical properties of NiMo alloys with the high surface
area and conductivity of nickel foam, offering a promising strategy for the development of
efficient, durable HER catalysts in clean energy applications.
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Abstract: With the increasing demand for thermal management in electronic devices,
highly efficient and controllable phase change materials have attracted significant atten-
tion. The compound 2-amino-2-methyl-1,3-propanediol (AMPD), as a solid—solid phase
change material, exhibits remarkable supercooling behavior and a high latent heat storage
(AHendo = 247.9]/g). However, its phase transition kinetics and mechanically triggered
properties have not been systematically investigated. In this study, the phase transition
behavior of AMPD under different cooling rates and thermal cycling conditions was
systematically analyzed using differential scanning calorimetry (DSC). Furthermore, the
mechanical triggering characteristic of AMPD under a supercooled state was also studied.
The results demonstrated that AMPD can maintain a supercooled state for an extended
period, and the exothermic enthalpy change (AHexo) increased by 17.8% (from 154.1 to
181.6 J/g) during thermal cycling. Additionally, mechanical triggering could induce rapid
heat release from AMPD, enabling the on-demand regulation of heat utilization. This
study revealed that AMPD enables stable supercooling and controllable heat release via
thermal or mechanical triggers, offering a novel strategy for tunable solid—solid phase
change materials.

Keywords: AMPD; phase change material; supercooling state; mechanically triggered;
thermal management

1. Introduction

The increasing global energy demand and urgent pursuit for carbon neutrality have
underlined thermal energy storage technologies as the critical enablers of sustainable
energy transitions [1,2]. Phase change materials (PCMs), renowned for their high latent
heat capacity and reversible energy storage capabilities, have become indispensable in
applications spanning industrial waste heat recovery to advanced microelectronic thermal
management systems [3,4]. Among PCMs, solid-solid PCMs stand out for their leakage-
free operation and exceptional volumetric stability, making them ideal for precision-critical
fields such as aerospace thermal regulation and flexible wearable devices [5,6]. However,
the limited availability of high-performance solid-solid PCMs and insufficient understand-
ing about their phase transition kinetics still impede progress toward next-generation
thermal management solutions [7].

The compound 2-amino-2-methyl-1,3-propanediol (AMPD) is a multifunctional polyol
containing both hydroxyl and amino groups, widely utilized in pharmaceutical synthesis
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and asymmetric catalysis [8]. Its structural analog, 2-amino-2-methyl-1-propanol (AMP,
AHexo =134 ]/g), corresponding to a glassy-to-ordered crystal transition, has been exten-
sively studied as a solid—solid phase change material due to its supercooling behavior,
while the thermal energy storage potential of AMPD remains unexplored despite its su-
perior molecular architecture [9]. The additional hydroxyl group in AMPD strengthens
hydrogen-bonding interactions, enhancing structural stability during phase transitions
and theoretically optimizing the energy storage capacity [10]. Compared to AMP, AMPD
exhibits a 35.5% higher exothermic enthalpy (AHexo = 181.6 J/g) and enables pressure-
independent energy release through mechanical triggering, eliminating the need for the
6.7 MPa external pressure required in plastic crystal systems [11-13]. The decoupling
from pressure-driven energy release significantly enhances both the safety and operational
feasibility. However, the critical issues remain in exploring the thermal storage performance
of AMPD. Fundamental thermodynamic parameters, including latent heat, supercooling
behavior, and cycling stability, have still not been fully quantified, and its mechanically trig-
gered energy release mechanism requires systematic evaluation to determine its scalability.
Addressing these key issues is crucial for realizing AMPD as a potential next-generation
PCM for thermal management applications [14,15].

Herein, we present the first comprehensive investigation into the phase transition
behavior of AMPD, demonstrating its exceptional supercooling stability, tunable crystal-
lization kinetics, and mechanically triggered heat release. These findings highlight the
potential of AMPD as a solid—solid phase change material for thermal energy storage, with
the ability to achieve an exothermic enthalpy increase of 17.8% through thermal cycling,
and the release of stored energy on demand via mechanical activation. Additionally, the suc-
cessful design and implementation of AMPD-based waste heat recovery modules further
illustrate its practical application in electronic thermal management and off-grid heating
scenarios. This work demonstrated that AMPD exhibits dual-controllable supercooling and
latent heat release behavior, providing a new model for on-demand solid—solid thermal
energy storage.

2. Results and Discussion

The commercially obtained AMPD exists as a white crystalline solid (x-phase) at room
temperature. Thermal pretreatment at 360 K induced its transformation into a colorless
plastic crystalline state (3-phase), enabling the subsequent phase transition process [16]. A
sealed aluminum crucible containing 11.42 mg of AMPD was subjected to DSC analysis
under controlled cooling and heating rates of 2 K/min. As shown by the yellow curve
in Figure 1a, no discernible exothermic crystallization peak was observed during cooling
from 360 to 250 K, confirming AMPD retained a supercooled state without spontaneous
nucleation. The exceptional supercooling stability originates from its three-dimensional
hydrogen-bonding network, formed through synergistic interactions between the hydroxyl
(-OH) and amino (-NH3) groups, which effectively suppresses molecular rearrangement
and crystalline nucleation [17,18]. During the subsequent heating process (blue curve,
Figure 1a), AMPD exhibited two distinct phase transitions. The first was an exothermic
peak at 290 K (AHexo = —154.9 J/g), corresponding to the crystallization of the supercooled
B-phase into the low-temperature a-phase. The second was an endothermic peak at
360 K (AHengo = 209.8 J/g), indicating the phase transition from a- to S-phase, where
AMPD reverts from the crystalline solid to the plastic crystalline state. The structural
features and transition pathway are further illustrated in Figure 1b, which provides a
visual summary of the reversible phase evolution between the a-phase, f-phase, and the
metastable supercooled state. This phase behavior highlights the dynamic stabilization of
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both the crystalline and plastic crystal states by the hydrogen-bonding network during
thermal energy storage and release [8].
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Figure 1. (a) The heat flow curve of AMPD as a function of temperature. The yellow curve represents
the cooling process, while the blue curve corresponds to the subsequent heating process. AHexo
and AH,pq, denote the exothermic and endothermic enthalpy changes, respectively. The negative
values of AHeyo indicate heat release. (b) Schematic illustration of the structural changes among
the ordered a-phase, the plastic crystalline B-phase, and the metastable supercooled -phase during
thermal cycling.

To investigate the effect of sample mass on the phase transition behavior of AMPD, four
different sample masses (117 = 3.68 mg, my = 11.42 mg, m3 = 15.48 mg, and my = 16.14 mg)
were subjected to DSC analysis under a uniform heating and cooling rate of 10 K/min.
Figure 2a,b present the variations in exothermic enthalpy with temperature and the exother-
mic enthalpy per unit mass for the samples of different masses during the - to a-phase
transition. Figure 2c,d show the variations in endothermic enthalpy with temperature,
and the endothermic enthalpy per unit mass for the samples of different masses dur-
ing the a- to B- phase transition. Larger samples demonstrated progressively higher
enthalpy values, culminating in the exothermic enthalpy changes AHexo = —156.3 ]/g and
AHgpgo = 247.9 ]/ g for my compared to AHeyo = —92.1]/g, and an endothermic enthalpy
change AHgngo = 192.8 ]/ g for my. The 69.6% increase in AHexo and 28.5% rise in AHgpqo
reflected the influence of sample mass on total energy release, consistent with the cumula-
tive effect of latent heat content in larger samples. The observed trends can be explained by
classical nucleation theory (CNT) and thermal transport dynamics [19,20]. As shown in
Equation (1), according to CNT, the nucleation energy barrier (expressed per unit mass),
AG*, is inversely proportional to the sample volume (V):

3
_leny® 1 @

AG* =
3AG,2 V

where 7 represents the interfacial energy and AG, denotes the volumetric free energy differ-
ence. As the sample volume increases, the nucleation energy barrier decreases, promoting
heterogeneous nucleation and leading to more complete crystallization of the a-phase. This
effect was evident in the 69.6% increase in AHexo from m; to my4, which corresponded to an
enhanced probability of nucleation at interfacial regions due to amplified thermal gradients.
In the smaller samples, minimal internal thermal gradients create a uniform temperature
field, suppressing heterogeneous nucleation and leading to incomplete crystallization,
resulting in lower exothermic enthalpy release [21].
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Figure 2. Enthalpy changes during the phase transition of AMPD with varying sample masses.
(a) Enthalpy changes curves as a function of temperature during the reheating process. (b) Variations
in exothermic enthalpy change (absolute value) for samples of different masses. (c¢) Enthalpy changes
curves as a function of temperature during the heating process. (d) Variations in endothermic
enthalpy change for samples of different masses.

Thermodynamically, the enthalpy change AH associated with the solid—solid phase
transition involves both internal energy and entropy (AS) contributions, according to the
relation AH = AG + TAS. Although AS cannot be quantitatively determined in this study,
its effect on phase stability was implied in the reversible transition behavior observed
for AMPD. Based on CNT, the nucleation energy barrier AG* determined the possibility
of crystallization. While AG* was inversely related to the sample volume, larger AMPD
samples exhibited enhanced supercooling stability due to a reduced surface-to-volume ratio,
which decreased the availability of heterogeneous nucleation sites. This effect prolonged
the retention of the metastable B-phase in larger systems, consistent with the observed
thermal behavior.

A similar trend was observed for endothermic enthalpy that increased with the sample
mass, which could be attributed to differences in molecular rearrangement kinetics during
reheating [22]. In the smaller samples, where heat is uniformly distributed, the transition
from the a- to B-phase occurs more efficiently, requiring relatively lower energy input. In
contrast, the larger samples exhibit spatially inhomogeneous temperature distributions,
leading to asynchronous phase transitions across different regions. Some domains require
additional thermal energy to fully complete molecular rearrangement and establish the
plastic crystalline phase, resulting in a progressive increase in AHp,q, With the sample mass.
Table S1 presents the exothermic and endothermic enthalpy changes per unit mass for each
sample during phase transition. These enthalpy differences reflected the kinetic asymmetry
between melting and crystallization, where incomplete nucleation and molecular disorder
during cooling led to a lower AHey, compared to the full enthalpy release during heating.

To elucidate the effect of cooling rate on the phase transition behavior of AMPD, DSC
measurements were conducted at the controlled cooling rates of 2, 5, 10, and 20 K/min,
followed by a uniform reheating rate of 10 K/min. This experimental design emphasized
the influence of cooling rates while maintaining consistent reheating conditions, enabling
a direct comparison of the nucleation dynamics and phase stability. Quantitative phase
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transition parameters are summarized in Table S2. The cooling rate-dependent behavior
can be explained through the CNT. As shown in Equation (2), the nucleation rate | is

expressed as follows:

G
J = hexp(~ ) @

where 7 is the interfacial energy and AG, is the volumetric free energy difference between
phases [19-21]. Increasing the cooling rate from 2 to 20 K/min enhanced supercooling,
which elevated AG, (thermodynamic driving force), while reducing the critical nucleation
barrier AG*. The formed dual effect amplifies stochastic nucleation events, which was con-
sistent with the broadening exothermic peaks and emergent doublet feature at 20 K/min
(Figure 3a). Spatial heterogeneity in crystallization, evidenced by the expanded phase
transition temperature range AT from 21.5 K (2 K/min) to 27.8 K (20 K/min), arises from
thermal gradients under rapid cooling. These gradients induce localized variations in AG,,
promoting heterogeneous nucleation at high-energy interfaces rather than homogeneous
bulk crystallization. Concurrently, incomplete molecular alignment during fast cooling gen-
erates structural defects in the metastable B-phase domains. These defects (e.g., misaligned
hydrogen bonds and lattice vacancies) lower the activation energy for the transition from -
to a-phase by providing pre-existing nucleation pathways. This proposed possible mech-
anism explains the significant reduction in endothermic enthalpy AH,q4, from 209.8 J/g
(2 K/min) to 171.4 J /g (20 K/min) (Figure 3c), aligning with defect-mediated transitions in
hydrogen-bonded systems [23-25].
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Figure 3. The effect of different cooling rates on the phase transition of AMPD: (a) Heat flow curves
during heating at a fixed rate of 5 K/min after cooling at different rates, and (b,c) the variations in
exothermic and endothermic enthalpy with temperature during the heating process, respectively.

In contrast to the variable endothermic behavior, the exothermic enthalpy change
AHeyo exhibited minimal variation with cooling rates, ranging from —154.9 J/g (2 K/min)
to 165.4 ] /g (20 K/min) (Figure 3b), which suggested that o-phase crystallization, once nu-
cleated, progresses as a thermodynamically controlled process dominated by equilibrium
phase growth rather than kinetic constraints [26]. The phase transition termination temper-
ature T, remained constrained within a narrow range from 301.5 to 304.8 K, reflecting the
thermodynamic equilibrium boundary of S-phase dissociation. The temperature invari-
ance, coupled with the stable AHey, values, confirmed that the final phase composition is
governed by thermodynamic stability thresholds. The decoupling between nucleation on-
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set (Ts depression) and phase termination (T stability) reflected the interaction between the
kinetic constraints and thermodynamic equilibrium in hydrogen-bonded plastic crystals,
consistent with classical nucleation theory and phase stability analysis.

To investigate the kinetic-thermodynamic interaction during the crystallization pro-
cess of AMPD, we performed ten thermal cycles at controlled cooling rates (2 and 10 K/min),
with a fixed heating rate of 10 K/min as shown in Figure 4, revealing distinct structural
evolution pathways governed by molecular reorganization dynamics. The quantitative
phase transition parameters are summarized in Table S3. As shown in Figure 4a—c, for the
slow-cooled group (2 K/min), the exothermic enthalpy AHey, increased progressively from
—170.1 to —182.7 J /g over ten cycles, accompanied by a narrow crystallization temperature
range from 281.1-297.8 to 284.3-299.1 K. An enhancement of 7.4% in the energy release
aligned with the configurational entropy minimization principle in plastic crystals [27],
where the prolonged molecular reorganization time reduces lattice defects. The upward
shift in the crystallization onset temperature T’ reflected reduced nucleation barriers due
to iterative annealing, which was consistent with the earlier observations on the extended
reorganization time enhancing crystallinity in the larger samples. In contrast, as shown
in Figure 4d—f, the rapid cooling (10 K/min) initially generated metastable configura-
tions, evidenced by a decreased AHexo (—154.1 J/g) and broadened crystallization range
(277.1-301.6 K). Remarkably, AHex, was restored to —181.6 J/g after ten cycles (17.8%
enhancement), with the range stabilizing at 284.5-300.4 K. The above recovery originates
from thermally activated hydrogen-bond reorganization, where the repeated phase transi-
tions eliminate disordered domains through cooperative -OH/-NH; rearrangement, which
is analogous to structural relaxation in hydrogen-bonded polymers. Despite the initial
differences, both the cooling rates ultimately led to nearly identical thermodynamic states,
with a AHey, difference of less than 1% and a AT variation below 2%. The results suggested
that the slower cooling promotes defect minimization through equilibrium-driven crys-
tallization, while the faster cooling facilitates kinetic recovery via cyclic hydrogen-bond
reorganization. This dual-pathway mechanism aligns well with the defect-annealing models
in hydrogen-bonded plastic crystals. Furthermore, the enhanced cycling stability of AMPD,
compared to the well-known neopentyl glycol system, highlights its structural adaptability,
where its hydroxyl-rich framework enables efficient energy dissipation under thermal stress.
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Figure 4. The effect of cooling rates on the exothermic phase transition of AMPD during thermal
cycling. (a) Heat flow curves and (b) enthalpy changes as functions of temperature for a cooling rate
of 2 K/min, and (c) comparison of the absolute enthalpy changes after ten thermal cycles at 2 K/min.
(d) Heat flow curves and (e) enthalpy changes as functions of temperature for a cooling rate of 10 K/min,
and (f) comparison of the absolute enthalpy changes after ten thermal cycles at 10 K/min.
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An investigation of the phase transition behavior in AMPD revealed a remarkable
supercooling persistence, where the high-temperature plastic crystalline f-phase remained
metastable at room temperature (~298 K) for several months without spontaneous heat
release. However, mechanical stimuli (e.g., needle insertion) disrupted the metastability, as
shown in Figure S1, triggering rapid heat release. The thermal or mechanical dual-trigger
mechanism positions AMPD as a promising candidate for intelligent thermal management
systems, particularly in the applications requiring on-demand energy release. To assess
the thermal regulation potential of AMPD, a simplified experimental setup was designed
using two metal containers (2 cm x 2 cm x 0.5 cm) filled with AMPD samples of different
masses (m1 = 1125 and my = 2250 mg). The samples were first heated to 380 K to ensure
complete transition to the S-phase, followed by natural cooling to ambient temperature
while continuously recording their temperature profiles to track heat dissipation dynamics.
In the absence of external intervention, both samples exhibited linear temperature decay
(Figure 5a,b), consistent with passive heat dissipation governed by thermal conduction
and phase transition kinetics. However, when an external trigger was applied at 333.16 K
(60 °C), simulating a thermal regulation threshold, the system behavior changed markedly.
Nucleation was initiated near the trigger site, inducing rapid latent heat release and forming
distinct temperature plateaus (Figure 5c-e). The plateau durations, 149 s for m; and 337 s
for my, increased with the sample mass, which aligned with the increases in total latent
heat, determined by the product of the sample mass and the specific latent heat. This
behavior reflected the additive nature of energy storage in phase change systems, rather
than the differences in intrinsic material properties. This mechanically triggered phase
transition highlights the unique capability of AMPD for active thermal regulation. By
strategically timing the external stimuli, the system can maintain target temperatures
without continuous energy input, offering an energy-efficient and controllable thermal
management solution. These findings confirmed that AMPD enables temporal decoupling
between energy storage and release, and supports dual-trigger activation via both thermal
input and mechanical stimulation.
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Figure 5. The temperature evolution of AMPD samples during cooling and mechanical triggering.
(a) my = 1125 mg and (b) my = 2250 mg. (c) Supercooled plastic crystalline state. (d) Phase transition
upon triggering at 333.16 K (~60 °C). (e) Solid crystalline state after phase transition. (f) The applica-
tion of AMPD in electronic devices (mobile phones, tablets, and laptops) for waste heat recovery, and
its secondary utilization for water heating.

Based on the phase transition characteristics and energy storage behavior of AMPD, we
developed a modular waste heat recovery system that leverages its high latent heat capacity
(AHexo = —159.5 ] /g, averaged across the cooling rates of 2-20 K/min) and mechanically
triggered crystallization for efficient thermal energy harvesting and controlled release. The
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AMPD modules can be directly attached to electronic devices, such as smartphones and
tablets, to absorb waste heat through solid—solid phase transitions. In off-grid scenarios,
stored thermal energy can be instantaneously released via mechanical triggering to supply
warm water (40-60 °C) or hot water (80-100 °C), addressing diverse daily needs. As shown
in Figure 5f, to meet diverse thermal management needs, three AMPD modules were
designed for standard electronic devices, with the specific parameters detailed in Table S4.
The smartphone module (15 x 7.5 x 0.5 cm?, 63.4 g), with a thermal storage capacity of
10.11 kJ, was capable of heating 100 g of water from 20 to 43.6 °C for instant warm water
supply. The tablet module (21 x 18.6 x 0.5 cm?, 220.0 g), with a thermal storage capacity of
35.09 kJ, heated 100 g water from 20 to 90 °C for prolonged heat retention without boiling
risks. The laptop module (38 x 25 x 1 cm3, 1069.8 g), with a thermal storage capacity of
170.63 k], enabled the simultaneous heating of ten 100 g water portions (one cup each) from
20 °C to 60.8 °C, supporting multi-user operation in parallel. Compared to conventional
electric kettles (400 W, 5-min heating), AMPD modules eliminated electricity consumption,
reducing CO, emissions by 1.5 kg/month (assuming three daily uses and carbon emission
factor: 0.5 kg CO,/kWh). The plug-and-play design ensures compatibility with diverse
electronics, enhancing energy utilization efficiency.

3. Materials and Methods

The compound 2-amino-2-methyl-1,3-propanediol (AMPD, purity: 98%) was pur-
chased from Sigma-Aldrich (Shanghai) Trading Co., Ltd. (Shanghai, China) and used
without further purification. To eliminate any residual moisture, the sample was thor-
oughly dried at 60 °C for 24 h in a vacuum oven (0.1 MPa) and then stored in a desiccator
to prevent moisture reabsorption. Thermogravimetric analysis (TGA) of the dried sample
revealed no significant mass loss below 150 °C, confirming the absence of volatile residues.
Additionally, control DSC tests performed on samples dried for 12 and 24 h showed negli-
gible variation (<1.5%) in latent heat and transition temperatures, indicating stable thermal
behavior under the selected drying conditions.

The phase transition behavior of AMPD was characterized using differential scanning
calorimetry (DSC 4000, PerkinElmer Pyris Diamond, Waltham, MA, USA). All measure-
ments were conducted under a nitrogen atmosphere to minimize oxidation and external
environmental influences. The temperature control accuracy of the instrument is +-0.1 °C.
The heating and cooling rates were systematically varied between 2 and 20 K/min to
examine their effects on phase transition kinetics. The sample was placed in high-purity
aluminum oxide crucibles, which were hermetically sealed with lids to prevent possi-
ble volatilization during thermal cycling. In terms of the data processing, background
correction was performed to eliminate baseline drift and improve measurement accuracy.

4. Conclusions

This study systematically investigated the phase transition characteristics of AMPD
and its potential in energy storage applications. The results demonstrated that AMPD
undergoes a reversible solid-state phase transition during cooling, with its phase transition
temperature range and exothermic enthalpy change being influenced by the cooling rate
and sample mass. The faster cooling rates suppressed crystal nucleus formation, resulting
in a greater supercooling degree and lower exothermic enthalpy change, while the slower
cooling rates facilitated molecular ordering and enhanced crystallinity, thereby reducing su-
percooling and improving the exothermic capacity. Furthermore, the simulated application
scenarios confirmed the triggerable exothermic characteristics in AMPD, where external
triggers induced the rapid recovery of molecular ordering, generating stable plateau regions
during the exothermic process that exhibited excellent thermal stability and controllable
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energy release. This research reveals that AMPD, as a supercooled phase change energy
storage material, demonstrates an interaction mechanism between microscopic molecular
rearrangement and adjustable phase transition properties, providing the guidance for its
application in thermal management and the energy storage fields.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules30102206/s1, Figure S1. Schematic illustration of the
phase transition of AMPD during the heating—cooling-reheating process. During heating from state
(a) to state (b), the solid crystalline x-phase undergoes a phase transition into the plastic crystalline
[-phase, accompanied by an endothermic enthalpy change. In the subsequent cooling process from
state (b) to state (c), the plastic crystalline phase remains in a supercooled state at room temperature
due to the absence of spontaneous crystallization. The supercooled plastic crystalline -phase
can revert to the solid crystalline a-phase either through reheating, as observed in the transition
from state (c) to state (a), or by mechanical triggering, as demonstrated in state (d), both of which
are associated with an exothermic enthalpy change. Table S1. Enthalpy changes during phase
transition of AMPD samples with different masses, and AHexo and AH,pq, represent exothermic and
endothermic enthalpy changes, respectively; negative values of AHey, indicate heat release; Table S2.
The phase transition parameters of AMPD at different cooling rates, and Ts and Te represent the onset
and end temperatures of phase transition, respectively; AT is the phase transition temperature range;
Table S3. Thermal cycling performance of AMPD at different cooling rates. Table S4. Performance
parameters of AMPD modules for different electronic devices.
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Abstract: Bismuth-based materials that adhere to the alloy/dealloy reaction mechanism
are regarded as highly promising anode materials for potassium-ion batteries due to
their high volume-specific capacity and moderate reaction potentials. However, their
commercial viability has been limited by the effects of structural collapse due to volume
distortion and impeded electron conduction, resulting in rapid capacity decline. In this
work, a carbon-coated nanosized BiPO, rod (BiPO4@C) was designed and fabricated to
overcome the aforementioned challenges through the architecture engineering and anionic-
tuning strategy. In particular, the nanosized nanorods significantly reduce the volume
expansion; the incorporation of the bulk and open-skeleton anion PO,>~ serves to mitigate
the considerable volume distortion and generates the high ionic conductivity product
(K3POy4) to ameliorate the poor ionic transport due to the structural deformation. The
elaborated BiPOy rods exhibit high specific capacity (310.3 mAh g~!, at 500 mA g~ !),
excellent cycling stability (over 700 cycles at 500 mA g~!) and superior rate performance
(137.8 mAh g~!, at 1000 mA g~ !). Systematic ex-situ XRD and TEM, as well as kinetic
tests, have revealed the “conversion-multistep alloying” reaction process and the “battery-
capacitance dual-mode” potassium storage mechanism. Moreover, the thick electrodes
showed excellent specific capacity and rate performance, demonstrating their significant
application potential in the next generation of SIBs.

Keywords: bismuth phosphate; nanostructures; architecture engineering; anionic-tuning;
potassium-ion batteries

1. Introduction

The contradiction between the limited lithium resources (0.0017 wt% in the earth’s
crust) and the rapidly expanding energy storage and electric vehicle markets has consid-
erably constrained the further development of lithium-ion batteries (LIBs) [1]. Therefore,
the development of new energy storage devices with low-cost and high-specific energy is
an effective means to accelerate the development of the energy storage market. The abun-
dance of potassium resources (2.09% in the earth’s crust), the maturity of the processing
technology, the low electrochemical potential (K*/K: —2.93 V vs. E°), and the well-known
rocking chair charging/discharging mechanism have collectively positioned potassium-ion
batteries (PIBs) as a promising next-generation “beyond Li-ion” battery [2,3]. However, the
process of matching the large radius of K* (1.38 A) with conventional electrode materials
leads to problems such as slow ion migration and high volume strain [4,5]. Consequently,
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there is an urgent requirement to develop anode materials with a robust structure and a
high ability to tolerate volume strain, as well as to obtain electrode materials with ultra-long
cycle stability and rapid potassiation/depotassiation capabilities.

In terms of anode materials, the potassium storage capacity and cycling stability of
graphite are much lower than that of commercial LIBs due to the drastic volume distor-
tion that occurs during K* insertion/extraction [6]. Metal-based materials (e.g., Sn [7,8],
Sb [9,10], Bi [11,12], and binary/ternary alloys [13,14]) capable of alloying with K* have
attracted considerable attention due to their high conductivity, considerable theoretical
specific capacity and safe redox potential. Among these materials, layered bismuth shows
promising prospects for K*-storage due to its advantageous characteristics, including a
high volumetric theoretical specific capacity (385 mAh g~!), non-toxicity, high electri-
cal conductivity, large lattice spacing, and moderate discharge voltage [15]. However,
the gradual alloying process with K* inevitably causes significant volume strain (390%),
which further leads to microstructural collapse and rapid deterioration of cycling perfor-
mance [16]. Many strategies have been attempted to overcome the above problems, such as
compositing with carbon media to mitigate the volume strain exerted on the active particles
and reduce particle fragmentation [17,18], Construction of special micro-nanostructures
to accommodate volume expansion and contraction through the incorporation of buffer
spaces to avoid rupture of the outer stable solid electrolyte interphase (SEI) films [19,20];
Anion auxiliary strategies (BipO3 [21], BixS3 [22], BixSes [23], Bi;O55e [24], BixSe;_,Sey [25])
to prevent agglomeration of metal elements and relieve structural stresses anchored by
bonding with anions. Undeniably, the aforementioned subtle enhancement strategies
have largely mitigated the damage to the electrode structure caused by volume distortion
and significantly improved the cycling stability of Bi-based electrodes. Nevertheless, the
scalability of this intricate process remains a significant challenge, and the difficulty of
disrupting the electron conduction path during volume expansion and contraction has yet
to be overcome. Furthermore, the poor conductivity of the discharge products of Bi-based
chalcogenides and the strong evolution and shuttle effects (K»S and K;Se) in the anion tun-
ing process are often overlooked, which are again the culprits for the capacity degradation
of Bi-based electrodes.

Herein, a carbon-coated nanosized BiPOy rod (BiPO4@C) was synthesized by a simple
hydrothermal method to mitigate the drastic alloying reaction and improve ionic conductiv-
ity. Specifically, the small-sized nanorods reduce the transport distance of K* and electrons
within the solid phase, eliminate the size dependence, and mitigate the volume distortion.
The introduction of the large-sized PO4>~ with a highly thermally stable and open P-O
octahedral framework structure serves to buffer the significant volume distortion of the Bi
anode during the alloying/dealloying process. Crucially, the discharge product (K3POj)
is generated in situ with high ionic conductivity, which boosts the electronic conductivity
in damaged structures. Furthermore, the carbon coating improves the conductivity of
the phosphate electrode and acts as an armor against structural degradation. As a conse-
quence of these properties, the BiPO,@C electrode exhibits high specific capacity, excellent
cycling stability and rate performance. Post-mortem analysis demonstrates the conversion-
multistep alloying reaction mechanism. The kinetic tests verify the “battery-capacitor”
dual-mode potassium storage behavior. Therefore, the synergistic strategy of anion tuning
and nanosize effect in this work provides a promising avenue for the development of rapid
and stable anodes for PIBs.
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2. Results and Discussion
2.1. Synthesis and Structural Characterization

Figure 1a illustrates a facile synthetic approach for BiPO,@C nanorod via a one-step
hydrothermal process, in which Bi(NO3); and NH4H,PO4 were employed as the sources
of Bi and P, respectively, while ethylene glycol (EG) was served as both the reaction
medium and the carbon source. According to the literature, Bi®* ions in solutions tend
to be hydrolyzed to produce various hydroxides, depending on the composition of the
solution [26]. Meanwhile, under mild heating, NH4H;PO,4 molecules can be decomposed
to form H3POy. [27,28] Subsequent high temperature and pressure processes lead to the
formation of BiPO4 nanorods. Based on the above analyses, we believe that the following
reactions occur in the water/ethylene glycol mixture:

BI(NO3)3 + 3H,O — BI(OH)3 + 3HNO; (1)
NH4H,PO4 — H3PO4 + NH3 7T (2)
Bi(OH); + H3PO, — BiPO, + 3H,0 @)

Hydrothermal
160 °C,12 h

Centrifugal

thylene glycol

J

=§

Figure 1. (a) Schematic of the fabrication process of BiPO,@C composite. (b) SEM, (c,d) TEM,
(e) HRTEM images, and corresponding (f) HADDF and EDS mapping images of the obtained
BiPOs@C.
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The microscopic morphology of BiPO,@C was investigated by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). First, the effects of raw
material concentration, reaction time and reaction temperature on the morphology of
BiPO4@C composites were systematically investigated. As shown in Figures S1-S3, the
diameter and length of BiPO4@C nanorods increase with increasing reaction concentration
and reaction temperature, while the reaction time significantly restricts the morphology
of the material. Taking all factors into consideration, we set the optimum raw material
concentration, reaction time and temperature to 0.5 mmol, 160 °C, and 12 h, respectively.
As shown in Figure 1b,c, BiPO4@C exhibits a nanosized rod-like structure with a length of
approximately 50-80 nm and a diameter of 15-20 nm. Interestingly, as shown in Figure 1d,
each BiPO, nanorod exhibits a monocrystal structure with well-defined lattice fringes, and
the surface of the nanorods is encapsulated with an ultra-thin carbon layer. Furthermore,
the high-resolution TEM (HRTEM) image in Figure le clearly shows a set of periodic lattice
fringes with a spacing of 0.421 nm, corresponding to the (—111) plane of monoclinic BiPOy
(PDF# 04-010-5606). Meanwhile, the energy dispersive spectroscopy (EDS) mapping results
indicate that the elements Bi, P and O are distributed uniformly in the BiPO,@C nanorod
composites (as shown in Figure 1f).

X-ray diffraction (XRD), Raman spectra, Fourier transform infrared spectroscopy
(FTIR), and X-ray photoelectron spectroscopy (XPS) were used to determine the physical
phase and structural information of BiPO4@C. As shown in Figures 2a and S4 and Table S1,
the XRD results indicated that the diffraction peaks of BiPO4@C were consistent with
the pure phase of monoclinic BiPO, (PDF# 04-010-5606). Subsequently, Raman spectra
(Figure 2b) monitored a set of characteristic absorption peaks in the range of 300-1700 cm !,
wherein the peaks located at 395, 543, and 600 cm ! can be ascribable to PO4%~, while the
peaks appearing at 972 and 1026 cm ™! can ascribe to the symmetric (v1) and asymmetric
(v2) scaling modes of PO,4>~, respectively [29]. Two other characteristic peaks that appear
at 1356 and 1587 cm ™! can be attributed to disordered graphitic carbon (D-bond) and sp?
hybridized graphic carbon (G-bond) of the C component, respectively. Obviously, a lower
intensity ratio (Ip/Ig) value (0.37) for BiPO4@C indicates a regular graphitic structure and
high electrical conductivity, which can significantly improve the poor electrical conductivity
inherent in phosphate materials. Moreover, the FTIR spectra revealed the presence of
chemical bonding information within the wavenumber range of 500 to 3700 cm ™! for
BiPO4@C composites (as shown in Figure 2c). The results indicated that the absorption
peaks at 530 and 601 cm~! were indicative of the vibrational absorption of 5(PO437), while
the absorption peak at 1072 cm~! was attributed to the v3 asymmetric stretching vibration
of the P-O bond [30,31]. The three absorption peaks situated between 2750 and 2950 are
ascribed to the symmetric and antisymmetric stretching vibrations of the C—H bond in
the —CH3, while the vibrational absorption peaks of the benzenoid ring skeleton appear
between 1459 and 1650 cm~!. Furthermore, the XPS survey spectrum clearly shows signals
corresponding to the Bi, P, O, and C elements in BiPO4@C composites, as illustrated in
Figure 2d. Specifically, the two peaks observed at 165.1 eV and 159.8 eV in the high-
resolution Bi 4f can correspond to Bi 4f 5,, and Bi 4f 7,, respectively (Figure 2e) [12,29].
Additionally, the P 2p spectrum (Figure 2f) demonstrated the emergence of a prominent
peak associated with the P 2p 3/, (at 133.7 eV) [29,32]. The high-resolution O 1s spectrum
is split into two peaks at 531.2 and 533.1 eV, which are attributed to P-O and C-O bonds,
respectively (Figure 2g) [29,32]. Additionally, we detected the characteristic peaks of the
C=0 (288.7 eV), C-O (286.3 eV), and C-C (284.8 eV) bonds in the C 1s spectrum, respectively,
as shown in Figure 2h [33,34]. It is noteworthy that the presence of C-O bonding indicates
that the ultrafine BiPO, particles can be chemically bonded to form a linkage with the
carbon layer, which will undoubtedly facilitate electron transfer and enhance the rate
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performance. Subsequently, the content of the carbon-protective layer in BiPO,@C was
then determined by thermogravimetric analysis (TGA) test. As illustrated in Figure 2i,
the mass remained constant up to 450 °C, after which a rapid mass loss (reduction of
~6.48 wt%) occurred in the range from 450 °C to 600 °C. In light of the TGA result and
the deep oxidation products (BiPOj, as shown in Figure S5), the calculated contents of the
product BiPO, and carbon matrix in BiPO,@C composite are 93.58 and 6.42%, respectively.
A small amount of carbon layer with high graphitization can improve the conductivity of
BiPOy, alleviate the volume effect in the electrochemical process, and further improve the
potassium-ion storage performance of BiPO4@C electrode without excessively reducing
the specific capacity of the active component.
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Figure 2. (a) XRD pattern, (b) Raman spectra, (c) FTIR spectra, (d) XPS survey spectra, high-resolution
XPS spectra of (e) Bi 4f, (f) P 2p, (g) O 1s, (h) C 1s, and (i) TGA curve of BiPO4@C composite.

2.2. Electrochemical Properties

The potassium ion storage performance of BiPO,@C ultrafine nanorods and reference
sample (commercial micro-sized BiPOy4, morphology and crystalline phase are shown in
Figure 56) was investigated in button-type half-cells and coupled with potassium metal as
the counter electrode. Figure 3a depicts the cyclic voltammetry (CV) curves of the BiPO,@C
electrode within the voltage range of 0.01 to 1.6 V at a scan rate of 0.1 mV s~ 1. A reduction
peak at 0.96 V was observed in the initial cathodic scan, corresponding to the conversion
reaction to produce Bi element and K3PO4 (BiPO4 + 3 K* + 3 e~ — K3PO4 + Bi), as well
as the formation of SEI layer [31]. Furthermore, a subsequent peak located at 0.09 V is
associated with the alloying reaction to produce K3Bi (3 Bi + K™ + e~ — K3Bi). Subsequently,
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three anodic peaks located at 0.60, 0.79, and 1.12 V were detected due to the gradual deal-
loying reaction (K3Bi — KBi — Bi) [29]. During successive scans, the reduction peak at
0.96 V disappeared, suggesting an irreversible transformation process. Undoubtedly, the
high ionic conductivity of K3POy is always maintained around the Bi particles, thereby ac-
celerating the K* conduction kinetics by repairing the ion transport channels. In subsequent
cycles, the electroreception process of the Bi-metal gradually evolved into a unique, multi-
step alloy/dealloy process, exhibiting three pairs of oxidation/reduction peaks at 1.12/0.84,
0.79/0.35 and 0.6/0.14 V, respectively. [29,31]. Comfortingly, the alloying/dealloying
reaction is highly reversible in terms of the positions and shapes of the CV curves, indi-
cating the strong structural stability of BiPO4@C. Furthermore, the voltage platforms in
the galvanostatic charge-discharge (GCD) curve (Figure 3b) are well consistent with the
redox peaks observed in the CV curves, confirming the proposed mechanism of initial
“conversion-alloying/dealloying” and the subsequent “alloying—dealloying” reactions.
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Figure 3. (a) CV curves at 0.1 mV s~! and (b) galvanostatic charge/discharge curves at 0.2 A g~!
of the BiPO4@C electrode. (c) Cycling performances at 50 mA/g. (d) Rate performances and
(e) corresponding discharge/charge profiles at various current densities of BiPO4@C electrode. Long
cycling performances at (f) 200 mA /g and (g) 500 mA/g.

Additionally, the BiPO4@C electrode displays a low polarization potential (Figure 3c)
and excellent rate performance (Figure 3d). Accordingly, the specific charging capacities
at 50, 100, 200, 500 and 1000 mA g_1 current density were 307.2, 254.9, 229.5, 187.9 and
137.8 mAh g_l, respectively, which are significantly higher than those of commercial BiPOy4
electrodes and other reported Bi-based compound anode materials (Figure S7) [35-39]. The
superior rate performance can be attributed to the short and efficient ion transport path
provided by the nanostructuring effect and the accelerated ion transport kinetics provided
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by the fast ion conductor intermediate (K3POy). It is encouraging to note that following
multiple current shocks, the BiPO4@C electrode still exhibited a reversible capacity of
278.2 mAh g~ ! when the current density was returned to 50 mA g~ !, substantiating the fast
electron/ion transport capacity and robust structure of the BiPO,@C electrode. Subsequent
cycling performance tests highlighted the high specific charge capacity and exceptional
electrochemical stability of the BiPO4@C electrode. As illustrated in Figure 3e, the BiPO4@C
electrode exhibits an initial charge capacity of 310.3 mAh g~ ! and reaches a specific capacity
of 216 mAh g~ after 300 cycles at a current density of 50 mA g~! with a slower average
decay rate of 0.101% per cycle. Not surprisingly, the reversible capacities of the BiPO,@C
electrode after 600 cycles at 200 and 500 mA g~! were an astonishing 161 mAh g~! and
142 mAh g~ !, respectively (Figure 3f,g). Nevertheless, the specific capacitance of the micro-
sized BiPO; electrode rapidly decreases due to the fact that the unprotected large-area
structure cannot accommodate the large volume distortion that occurs during repeated
alloying and dealloying. In addition, even at a current density of 1000 mA /g, the BiPO,@C
electrode demonstrated stable operation over 150 cycles, maintaining a specific capacity of
171 mAh g~ ! (Figure S8). These superior reversibility rate properties far exceed those of
some previously reported phosphate anode electrodes [32,40,41].

To elucidate the robust cycle stability of the BiPO,@C electrode, we added the struc-
tural tests of the electrode surface and cross-section with multiple sets and performed
a statistical analysis of the volume expansion. As expected, the BiPO,@C electrode sur-
face retained an intact structure even after 100 cycles (Figure S9a,b), whereas commercial
micro-sized BiPOy, electrodes exhibited obvious structural fragmentation (Figure S10a,b).
Figure S9¢,d shows the cross-sectional changes of the BiPO4@C electrodes before and after
cycling. Specifically, the thickness of the BiPO4@C electrode is 20.31 um before potassium
insertion. After repeated potassiation/depotassiation, the thickness increases to 29.74 um,
and the corresponding volume expansion rate is 46.4%. In contrast, the commercial micro-
sized BiPOy electrode showed a volume expansion of 95.5%, and the electrode showed
obvious signs of loosening and cracking (Figure S10c,d). It is clear that the BiPO4@C
electrode, which combines the nanoscale effect and carbon-constrained structure, has sig-
nificant resistance to volume expansion, which is the key to achieving stable potassium-ion
storage. In addition, Electrochemical Impedance Spectroscopy (EIS) tests were carried out
under different cycle conditions (Figure S11). Clearly, at high frequencies, the BiPO4@C
electrode has a smaller semicircle, which means a lower impedance. Especially after the
formation of the SEI film during the first cycle, the impedance decreases significantly
and gradually stabilizes even after 50 to 100 cycles (Figure S11a). In contrast, the BiPOy
electrode consistently showed a large semicircle (Figure S11b), which can be attributed
to the large interfacial impedance due to continuous volume expansion and electrode
cracking. Overall, further testing confirms that the BiPO4@C electrode combines both
nanoscale dimensions and carbon layer properties, is highly resistant to the volume strain
inherent in alloy—dealloy reactions, achieves a robust structure and significantly improves
cycle stability.

2.3. Kinetic Analysis

To ascertain the origin of the excellent rate performance of the BiPO4@C electrode,
further tests were carried out on the kinetic and pseudocapacitive behavior. In detail, as
depicted in Figure 4a, the five CV curves obtained at different sweep rates (0.1, 0.2, 0.6, 0.8,
and 1.0 mV/s) show similar profiles and regular change trends of the redox peaks. The ca-
pacitive effect is calculated from the relationship between the measured peak current (i) and
the sweep rate (v) (i = av®), where b is the slope of the plot of log i versus log v. The atypical
diffusion-controlled process corresponds to b = 0.5, while b = 1.0 indicates surface induced
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capacitive behavior. Furthermore, Figure 4b shows that the b values of the several peaks are
distributed between 0.61 and 0.75, suggesting that the BiPO4@C electrode follows a “battery-
capacitance dual-mode” potassium storage mechanism dominated by surface capacitive
behavior. Moreover, the proportion of capacitance-controlled and diffusion-controlled
processes contributing to the total specific capacity can also be quantified according to the
equation of i = kjv+ k0’2, where kjv and kov'/2 are to be assigned as the relative contribu-
tions of the capacitive and intercalation processes, respectively. As expected, the capacitive
percentage was observed to be 31, 31, 43, 49 and 60% at scanning rates of 0.1, 0.2, 0.6, 0.8, and
1.0 mV s~ !, respectively (Figure 4c,d). The high capacitive behavior is primarily attributable
to the abundant surface reaction sites afforded by the ultrafine structure of BiPO,@C and
the adsorption/desorption capacity of K* by the ultrathin carbon layer, undoubtedly result-
ing in fast K-ion storage kinetics and ultralong cycling life. Meanwhile, the galvanostatic
intermittent titration technique (GITT) measurements were carried out to identify the
underlying causes of the superior K-ion storage kinetics obtained in the BiPOs@Celectrode.
As depicted in Figure 4e, the GITT curve of the BiPO4@C electrode exhibits a high spe-
cific capacity, low electrochemical polarization and standard redox potential. Moreover,
from the pulse current time (s), potential difference (AEs) and electrode parameters in the

collected GITT profiles, the potassium-ion diffusion coefficient (DK+) is calculated. The

calculated Dy values during discharging (4.20 x 10713~3.95 x 10~'? cm? s~ !) and charging

(12 x 10712~1.65 x 10~ ecm? s~ 1) are signiﬁcantly higher than micro-sized BiPOj electrode

(discharging: 7.8 x 10713~1.82 x 107 cm? 57!, charging: 1.2 x 10713~3.5 x 107! cm? s71)
(Figures 4f and S12), also significantly exceeds some of the reported phosphate anodes [42—44].
The high K* values indicate fast potassiation and depotassiation kinetics and excellent rate

performance. The rapid potassium storage capacity of well-designed ultra-fine BiPO,@C

electrodes can be attributed to their ingenious structural configuration, which provides an

abundance of K* insertion sites and a short K* migration path, thereby accelerating the K*

reaction kinetics (as summarized in Figure 513).

(a ) 1.0 b ) 30 ( )
Peak 2
0.8 0.15
0.6 321 010
204 344 <
Eo2 < ” E
- E ac] — = 0.05
Z 0.0 $-3.6 - s
£.0.2 ! 2l / £ 0.00
©.04 = ©
-0. —04 —+—Peak 1,b=0.71 0.05
0.6 —06 -4.01 ——Peak 2, b= 0.62 -
0.8 —0.8 ——Peak 3,b =053 0.2mVs!
1o L_Peskt ——1.0_ UnitzmVs™ 421 —v—Peak 4,b =098 -0.10
0.00 025 050 0.75 1+./oo 125 150 175 08 06 04 o2 00 00 05 o s
Voltage (V vs. K'/K) Log (v, mVl/s) (f) Voltage (V vs. K*/K)
(d ) (e )2.0 10
7120 Diffusion Controlled - 04
c\: B Capacitive ‘E Tie pAE °
5100 2151| 2, z -1 o,_o—a’\
E 80+ g :3 ' % ° o,lo \
= = n
E a]'ﬂ' T Relaxation period v -12 4 ?T /q °
S 601 @ g a
@ o0 336 338 340 342 344 346 348 350 =
& 404 § Time ()
S 05 -13 4
= - b X Ch,
2 204 Discharge . arge
S .
04 0.0 +—— ————— -14 :
0.2 0.4 0.6 0.8 1 0 5 10 15 20 25 30 35 40 45 50 55 60 0 25 50 75 100/0 25 50 75 100
Scan rate (mVs™) Time (h) State of discharge (%) State of charge (%)
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2.4. Electrochemical Mechanism

Systematic ex-situ XRD and TEM testing were further employed to reveal the potas-
sium storage mechanism of the BiPO,@C electrode. As depicted in Figure 5a, the BiPO4@C
electrode exhibits a series of diffraction peaks located at 21.3°, 25.5°, 27.1°, 28.3°, 29.1°,
31.2°, 34.4°, 36.8°, and 36.8° at open circuit voltage (OCV), which are attributed to the
(—111), (020), (200), (002), (120), (—112), (—202), and (112) crystal planes of monoclinic
BiPOy. As the discharge progresses, the diffraction peak of BiPO,4 gradually diminishes,
and three characteristic peaks (located at 27.3°, 38.1°, and 39.8°) corresponding to the
metal Bi emerges at 0.7 V, indicating a conversion reaction of BiPOy (BiPO4 — Bi). Subse-
quently, the metal Bi is gradually alloyed into KBi, (31.1° and 32.6°) at 0.4 V and further
converted to K3Bi (28.6°) at 0.01 V (Bi — KBip — K3Bi). In the reverse charge process,
the derivative peak of KBi3 gradually disappears and converts into KBi, at 0.5 V before
ultimately converting back to metallic Bi at 1.5 V, suggesting a gradual dealloying process
(K3Bi — KBiy — Bi). Subsequently, the ex-situ TEM test results provided further confirmed
the experimental findings. Figure 5b,c clearly shows that the BiPO,@C electrode produced
uniform nanoparticles when discharged to 0.01 V, with crystal plane spacings of 0.20 and
0.311 nm, corresponding to the (400) crystal plane of K3POy4 and the (220) crystal phase of
K3Bi, respectively. Meanwhile, the (202) and (104) crystal planes of K3Bi and the (200) and
(422) crystal planes of K3PO,4 were identified by selected area electron diffraction (SAED)
(Figure 5d). Upon reverse charging to 1.6 V, ultrafine metallic Bi particles belonging to the
(012) and (014) crystal planes were successively detected (Figure 5e-g), thereby demonstrat-
ing the excellent reversibility of the stepwise alloying-dealloying reaction of the BiPO,@C
electrode. To sum up, the in-situ/ex-situ test results combined with the CV curves reveal
the reversible conversion and stepwise alloying/dealloying reaction mechanism of the
BiPO4@C electrode. The detailed evolution process of the mechanism is illustrated in
Figure 5h and described as follows:

Stage I: (OCV-0.8 V, Conversion reaction and the formation of SEI layer):

BiPO, +3K" +3 e~ — K3PO4 + Bi
Stage II: (0.8-0.01 V, Step-alloying reaction):

2Bi+K* +e — KBip

KBi, + 5K +5e~ — 2 K3Bi

Stage III: (0.01-0.5 V, Dealloying reaction):
2K3Bi —5K" —5e”— KBip
Stage IV: (0.5-1.6 V, Dealloying reaction):

KBi, — K* — e — 2 Bi
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Figure 5. Investigation of the reaction mechanism of the BiPO4@C anode: (a) In-situ XRD and
corresponding discharge-charge curve. (b,c) HRTEM images and (d) SAED pattern after discharge to
0.01 V. (e,f) HRTEM images and (g) SAED pattern after charge to 1.6 V. (h) Illustration of the reaction
mechanism of the BiPO4@C anode.

2.5. Application Potential

To fully demonstrate the application potential of BiPO,@C, we have re-prepared thick
electrodes (about 4.0 mg/cm?) and investigated their potassium storage performance. As
shown in Figure 514, the BiPO4@C thick electrode showed high specific capacity and supe-
rior cycling stability, maintaining 218.8 mAh g~! after 80 cycles at 50 mA g~! (Figure S14a),
180.9 mAh g7! after 200 cycles at 200 mA g™ (Figure S14b), and 130.3 mAh g™! after
80 cycles at 1000 mA g™! (Figure S14c). Impressively, the thick electrode demonstrated
excellent rate performance, with capacities of 280.1, 219.9, 194.8, 152.4, and 102.6 mAh g‘1
at 50-1000 mA g7!, respectively (Figure S14d). Compared to the commercial BiPOy thick
electrode, the BiPO4@C thick electrode has significantly better structural advantages, as
evidenced by its specific capacity, capacity retention rate and rate performance at various
current densities (Figure S15). Overall, the BiPO,@C electrodes maintained excellent cycling
stability and rate performance even at the increased loading mass of 4.0 mg cm =2, which
also confirms its potential for commercialization. The excellent performance is attributed to
the nanosized BiPO; significantly reducing the volume strain and increasing the embedded
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potassium sites; the incorporation of the bulk and open-skeleton anion PO,3~ serves to
mitigate the considerable volume distortion and generates the high ionic conductivity
product (K3POy) to ameliorate the poor ionic transport due to the structural deformation.

3. Experimental
3.1. Sample Preparation

Synthesis of BiPO4@C nanorods. All chemicals were analytical reagent grade and
used as received without further treatment. BiPO4@C nanorods were synthesized using a
typical solvothermal method. First, 0.5 mmol Bi(NO3)3; (99%, Aladdin Reagent Co., Ltd.,
Shanghai, China) and 0.5 mmol NH4H,;POy, (99%, Aladdin Reagent Co., Ltd., China) were
dissolved in 30 mL of ethylene glycol (99%, Aladdin Reagent Co., Ltd., China) with stirring
for 6 h. Then, 1 mL of deionized (DI) water was added and stirred rapidly for 5 min. The
mixture was transferred to a 50 mL autoclave and heated at 160 °C for 12 h. The BiPOy,
nanorods were washed six times by centrifugation with ethanol and DI water. Finally, they
were dried overnight at 80 °C.

3.2. Electrochemical Measurements

The working electrodes were prepared by mixing active materials, Super P, and
polyvinylidene fluoride (PVDF) in a weight ratio of 7:2:1 with N-methyl-2-pyrrolidone
(NMP) as solvent. The CR2032 half-cells were assembled with K-metal, glass fiber (What-
man), and 3 M potassium bis(fluorosulfonyl)imide (KFSI) in dimethyl ether (DME) as the
counter electrodes, the separators, and the electrolyte, respectively. Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS, frequency range from 1.0 x 10°
to 0.1 Hz) tests were performed on an Autolab instrument (PGSTAT 302). Galvanostatic
charge-discharge tests were performed on a Neware battery tester (Neware CT-4008). The
mass loading of the active materials (BiPO,@C) was about 1.2 mg cm 2. And the specific
capacity was based on the mass of BiPO,@C.

4. Conclusions

In summary, we have integrated the dual strategies of architecture engineering and
anion tuning to construct an ultrathin carbon-coated BiPO, nanorods (BiPO4@C) electrode
to suppress volume distortion and unclog electron transport pathways. The ultrathin
nanorods provided a substantial number of electrochemical reaction sites, negated the
size-related volume strain effect, and also shortened the ion transport distance. Meanwhile,
the incorporation of an ultrathin carbon layer and bulk PO,>~ served to defend and buffer
the volume expansion associated with the alloying-dealloying process, thereby markedly
enhancing the cycling stability of the BiPO,@C anode. Significantly, the in-situ generated
K3POy4 with high ionic conductivity acts as a bridge to unblock the electron/ion transport
pathway and significantly improves the rate performance. Moreover, the preparation and
testing of thick electrodes confirmed the excellent electrochemical performance and appli-
cation potential of BiPO4@C electrodes. Thus, this work highlights the significance of archi-
tecture engineering and anion-tuning strategy in rationally designing high-performance
electrodes for K-ion batteries.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /molecules30030729/s1, Figure S1: SEM images of BiPO,@C
composites with different raw material concentrations; Figure S2: SEM images of BiPO,@C compos-
ites at different reaction temperatures; Figure S3: SEM images of BiPO,@C composites at different
reaction times; Figure S4: XRD patterns and Rietveld refinement plots of BiPO,@C; Figure S5: XRD
pattern of BiPO4@C residue after the TGA test; Figure S6: SEM image and XRD patterns of commer-
cial micro-sized BiPOy; Figure S7: Comparison of rate performance between BiPO4@C anode and
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the previously reported Bi-based compound anode in PIBs.; Figure S8: Cycling performances of (a)
BiPO4@C and (b) commercial micro-sized BiPO, anodes at a current density of 1.0 A g~1; Figure S9:
Surface and cross-sectional SEM images of the BiPO4@C electrode after 100 cycles; Figure S10: Surface
and cross-sectional SEM images of the BiPOy electrode after 100 cycles; Figure S11: EIS results of the
(a) BiPO4@C electrode and (b) commercial micro-sized BiPOy electrode before and after different
cycles at 500 mA g~!; Figure S12: (a) GITT curves, (b) the corresponding detailed voltage response
in a single current pulse, and the K* diffusion coefficient values (D) during the (c) discharge and
(d) charge process; Figure S13: Schematic illustration of potassium-ion diffusion in the nanosize
structure; Table S1: Crystallographic parameters from Rietveld refinement for the XRD pattern of
BiPO,@C.
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Abstract: Transition metal oxides are considered promising anode materials for high per-
formance flexible electrodes due to their abundant reserves and excellent specific capacity.
However, their inherent low conductivity, large volume effect, and poor cycling perfor-
mance limit their applications. Herein, we report a novel “spontaneous complexation and
exfoliation” strategy for the fabrication of flexible MnO NCs@rGO thin-film electrodes,
which overcomes the aforementioned drawbacks and pushes the mechanical flexibility
and lithium-ion (Li*) storage performance to a higher level. The combination of large-area
few-layer reduced graphene oxide (rGO) films and ultrafine MnO nanocrystals (MnO
NCs) provides a high density of electrochemical active sites. Notably, the layer-by-layer
embedded structure not only enables the MnO NCs@rGO electrodes to withstand vari-
ous mechanical deformations but also produces a strong synergistic effect of enhanced
reaction kinetics by providing an enlarged electrode/electrolyte contact area and reduced
electron/ion transport resistance. The elaborately designed flexible MnO NCs@rGO an-
ode provides a specific capacity of about 1220 mAh g~! over 1000 cycles, remarkable
high-rate capacity (50.0 A g~!), and exceptional cycling stability. Finally, the assembled
flexible lithium-ion full cells achieve zero capacity loss during repeated large-angle bending,
demonstrating immense potential as a high-performance flexible energy storage device.
This work provides valuable insights into unique structural designs for durable and ultra-
fast lithium ion batteries.

Keywords: flexible electrode; free-standing; spontaneous complexation and exfoliation;
layer-embedded structure; high rate; lithium-ion batteries

1. Introduction

Rapid advances in electronics have contributed significantly to the development of
portable and wearable electronic devices that require high-performance batteries to oper-
ate [1,2]. Currently, the technology landscape is accelerating the shift towards flexibility
and health-centric designs in electronic products [3]. The advent of bendable displays and
chips in electronic devices has paved the way for innovative, flexible applications [4]. To
achieve this vision, however, a crucial enabler is the cooperation of flexible energy storage
devices. Lithium-ion batteries (LIBs) are currently widely used in small and medium-sized
portable electronic products due to a number of advantageous characteristics, including
high energy density, high output voltage, long cycle lifespan, and environmental friendli-
ness [5]. However, there are still significant challenges to overcome in the application of
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flexible devices, particularly the necessity to combine electrode materials with favorable
mechanical durability, minimal weight, elevated specific capacity, extended cycle life, and
optimal safety [6].

Commercial LIBs are currently characterized by a substantial degree of bulk and
weight [7,8], which can be attributed to the utilization of a considerable number of collectors,
binders, and conductive agents. Compared to conventional electrodes, the self-supporting
flexible electrodes eliminate the necessity for these inactive components. This increases the
specific capacitance, reduces the cost and weight of the electrode material, and provides
the opportunity for improved flexibility and processability [9]. Graphite, a traditional
anode material, is inadequate for meeting the requirements of future high-specific-energy
and high-capacity batteries due to its low theoretical specific capacity (372 mAh g~!) and
poor rate performance [10]. Other intercalated anode materials (such as LigTi5O1p and
TiO,), known as “volumetric zero strain” materials, exhibit extremely long cyclic stability,
but are limited by poor conductivity and high reaction potential [11-13]. Therefore, it
is imperative to design and fabricate a new generation of flexible electrodes with higher
reversible capacity, high-rate performance, long life, and low cost. Transition metal oxides,
including CoO [14], Co304 [15,16], Fe;O3 [17], Fe3Oy4 [18,19], SnO, [20-22], NiO [23],
MnO [24-26], and MoO; [27,28], etc., which exhibit high theoretical specific capacities, have
emerged as potential candidates for high-performance anode materials. Among these, MnO
nanocrystals have received increasing attention due to their numerous favorable properties,
including relatively lower electrode potentials (1.032 V vs. Li* /Li), high theoretical capacity,
abundant reserves, and environmental compatibility [25]. However, the inherent low
conductivity and the huge volume expansion of MnO electrodes during electrochemical
processes result in structural collapse, rapid capacity decay, and difficulty withstanding
high current charging. Furthermore, the discharge products, namely metallic Mn and Li,O
particles, are prone to agglomeration and precipitation. Researchers have endeavored to
address these issues using a variety of means [24]. Of these, nanosizing and carbon-coating
strategies are considered to be the most effective [29-31]. Nanosized particles can increase
the electrochemical active sites and shorten the Li* transport distance, while carbon-coating
can improve the conductivity, prevent the agglomeration of metal particles, and serve
as a bulk strain relief layer to maintain the stability of the electrode material structure.
However, the challenge remains in regards to achieving an ultrafine nanoparticle with a
perfect carbon coating that exhibits optimal performance.

Herein, an “autonomous chelation and exfoliation” film-forming method was devel-
oped at room temperature, resulting in a layer-by-layer embedded flexible self-supported
MnO NCs@rGO nanocomposite film after subsequent sintering. Specifically, the ultrafine
MnO NCs are uniformly dispersed and confined within the rGO films, thereby forming
a large-area three-dimensional ordered conductive network. The elaborately prepared
MnO NCs@rGO film electrode perfectly inherits the advantages of rGO, including a thin
layer, good conductivity, low weight, large specific surface area, and robust mechanical
properties. Additionally, it effectively overcomes the inherent limitations of MnO, such as
low conductivity, a huge volume effect, and rapid capacity decline. As an anode material
for LIBs, the MnO NCs@rGO film displays ultra-high specific capacity, excellent cycling sta-
bility (1220 mAh g~! over 1000 cycles), and exceptional rate performance (336.6 mAh g~!
at50.0 A g’l). Ultimately, the assembled flexible LIBs’ full cells (MnO NCs@rGO/ /LiCoO,)
demonstrate remarkable flexibility and zero-diminished electrochemical stability. This
study offers a valuable methodology for the development of ultra-light, flexible, and
high-performance electrode materials for LIBs.
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2. Results
2.1. Synthesis and Structural Characterization

Figure 1a illustrates the fabrication process of MnO NCs@rGO flexible films. A so-
lution comprising manganese salts and graphene oxide (GO) is automatically chelated,
deposited, and forms a dense film on a glass substrate under the reducing stimulus of HI
acid [32]. Subsequently, the film is automatically stripped from the glass plate by infiltration
into water. Following the high-temperature reduction process, the MnO NCs@rGO film
is obtained. The delicate fabrication process of MnO NCs@rGO film can be attributed to
the following aspects: firstly, the positive Mn?* bond spontaneously interacts (interactions
between -O---M and -COO---M) with GO, containing abundant oxygen-containing func-
tional groups (-OH, -COOH, -O-) and electronegativity, and ultimately homogeneously
anchors onto the surface of the GO nanosheets. Subsequently, the strong complexation
and reduction property of the I ions promotes the colloidal association of GO, forming a
large, dense rGO composite film. Finally, the composite films with free oxidized functional
groups exhibit notable hydrophobicity, thereby enabling the spontaneous exfoliation from
water (Figure S1, with an area of about 33 cm x 15 cm).

Spontaneous
Film Formation Eﬂ‘ollatlon

»—

Mn?*-GO mixed solution MnO,-GO film

MnO (JCPDS NO.07-0230)

Intensity (a.u.)
(111)
(200)

| ] 1
30 40 50 60 70 80
26 (degree)

Figure 1. (a) Schematic diagram of the synthesis process of flexible MnO NCs@rGO thin films.
(b) Surface and (c) cross-section SEM images, (d) TEM image, (e) HRTEM image, (f) corresponding
SAED pattern, and (g) XRD pattern of flexible MnO NCs@rGO film.

Figure S2 shows a piece of MnO NCs@rGO film material with an area of 19 cm x 8 cm.
It is evident that the composite film remains intact and dense, exhibiting notable flexi-
bility and the ability to be bent randomly at large angles. In detail, the surface of the
MnO NCs@rGO flexible film is rich and uniformly distributed with wrinkles formed by
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the interconnection of ultrathin rGO layers (as shown in Figure 1b). The smooth surface
indicates that the MnO NCs exhibit an ultrafine particle size and are firmly embedded in
the rGO interlayers. Furthermore, the cross-sectional scanning electron microscope (SEM)
image (Figure 1c) clearly demonstrates that the thickness of the MnO NCs@rGO film is
approximately 20 um and consists of a uniform stacking of ultrathin rGO sheets, with a
certain degree of interlayer spacing. This layer-embedded structure avoids MnO agglomer-
ation and precipitation, enhances electrolyte wetting, facilitates rapid electron transport,
inhibits the volume expansion of the active material during charging and discharging, and
improves the mechanical stability and electrochemical lifetime. In contrast, the manganese
oxide that was not protected by rGO exhibited a significant agglomeration phenomenon
(as shown in Figure S3).

In order to gain insight into the existence form, distribution, and crystal structure of
MnO NCs in the ultrathin layer structure of rGO, transmission electron microscopy (TEM),
selected area electron diffraction (SAED), and X-ray diffraction (XRD) were employed.
The TEM test results, as shown in Figures 1d and S4, demonstrate that the ultrafine MnO
nanocrystals (with particle sizes of approximately 5~10 nm) are uniformly distributed on
the surfaces of the ultrathin rGO layers. Moreover, the monodisperse MnO NCs display
a discernible distance between them, indicating that the oxygen-containing functional
groups in the GO effectively inhibit the agglomeration of the MnO NCs, even during the
high-temperature reduction process. An appropriate spacing can also effectively prevent
particle agglomeration during the charge/discharge cycling process, thereby enhancing the
cycling stability of the material. Furthermore, the high-resolution TEM (HRTEM) images
show an obvious lattice spacing of 0.318 nm (Figure 1e), corresponding to the (200) crystal
plane of the cubic phase of MnO (JCPDS No. 07-0230) [33]. The corresponding SAED
pattern in Figure 1f also identifies several crystal planes of MnO, including (200), (220),
and (111). Subsequent XRD results (as shown in Figure 1g) display a series of diffraction
peaks at 34.9, 40.5, 58.7, 70.2, and 73.8° corresponding to the (111), (200), (220), (311), and
(222) crystal planes, which are consistent with the results for cubic MnO [33]. The broad
diffraction peaks also suggest that the MnO nanoparticles are relatively small in size.

A systematic characterization was conducted using Raman, thermogravimetric-
differential thermal analysis (TG-DTA), and X-ray photoelectron spectroscopy (XPS) tests to
further clarify the state and content of MnQO, as well as the presence of valence states of each
element in the flexible MnO NCs@rGO thin films. Two distinct characteristic peaks located
at 1333 and 1578 cm !, observed in the Raman results, can assigned to the D- and G-bands
of carbon [34], respectively (Figure 2a). The corresponding Ip /I ratio is 1.17, indicating
that the MnO NCs@rGO composite displays a higher density of defects and active sites.
Furthermore, the contents of carbon and MnO in the MnO NCs@rGO composite were
determined by the TG-DTA in air. As illustrated in Figure 2b, a pronounced decline in mass
is observed in the 400-650 °C range, followed by a gradual increase in the 650-800 °C range,
which is attributed to the oxidation reactions of MnO and C, respectively, as follows: (1) C +
Oy = CO2t1; (2) 2MnO + Oy — 2MnO,. The DTA curves display a pronounced exothermic
peak at about 520 °C, indicative of the combustion of rtGO, while a less intense exothermic
peak at about 600 °C is suggestive of the oxidation of MnO. In light of the aforementioned
results, the contents of MnO and rGO in MnO NCs@rGO are calculated to be 58.1% and
41.9%, respectively. In addition, the characteristic signals of Mn (2p1,», 2p3/2, and 3s),
O (1s), and C (1s) were identified in the full XPS spectrum (Figure S5). In Figure 2c, the
high-resolution spectrum of the C 1s peaks can be fitted to four peaks. The strongest peak
at 284.4 eV is attributed to graphitic carbon in rGO, while the other three weaker peaks
are ascribed to the C-O bond (286.2 eV), the C=0 bond (287.9 eV), and the O-C=0 bond
(289.0 eV), respectively [35]. A spin-energy separation of 6.0 eV for the Mn 3s doublet (as
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shown in Figure 2d) indicates that the Mn in the MnO NCs@rGO has a charge state of ~2.
The Mn 2p spectrum, as shown in Figure 2e, can be divided into two peaks, located at 642.1
and 653.5 eV, which correspond to Mn 2p3,, and Mn 2p; /,, respectively. Furthermore, the
two peaks observed at 530.9 and 532.9 eV in the O 1s spectrum are ascribed to the Mn-O
bonds and the surface oxidation layer of the rGO matrix (C-O-C) (Figure 2f) [36].
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Figure 2. Material characterization of the MnO NCs@rGO film. (a) Raman spectra; (b) TG-DTA curve
obtained at a heating rate of 10 °C min~! in flowing air. High-resolution XPS spectra of (c) C 1s,
(d) Mn 3s, (e) Mn 2p, and (f) O 1s.

2.2. Electrochemical Properties

A series of coin-type half-cells were assembled and coupled with Li metal as the
counter electrode to evaluate the electrochemical behavior of the MnO NCs@rGO film
electrode. Figures 56 and S7 present the crystalline phase and thin-layered structure of
rGO, as well as optical photographs of the flexible self-supported structure of the MnO
NCs@rGO film electrode. Figure 3a depicts the initial five cyclic voltammetry (CV) profiles
of the MnO NCs@rGO film electrode within the voltage range of 0.01-3.0 V (vs. Li/Li*)
at a scan rate of 0.1 mV s~!. In the initial cathodic loop, two cathodic peaks are observed
at 0.68 and 0.26 V, which can be attributed to the reduction of Mn2* to Mn?, accompanied
by the formation of Li;O (MnO + 2Li* + 2~ — Mn + Li;O) and the formation of the solid
electrolyte interphase (SEI) layer [37,38]. Two additional peaks, situated at 1.41 and 1.14 V,
may be due to the reduction of residual high-valent manganese oxide (MnOy, 2 < x < 3)
on the surface of the rGO and the passivation reaction of the collector [38]. During the
oxidative stage, two peaks at 1.33 V and 2.34 V are indicative of the gradual oxidative
reaction of Mn’, with a minor proportion of Mn?* undergoing transformation to the
valence of Mn** at elevated potentials [39]. Following the microstructural recombination
of the electrode materials after the initial lithiation process, the reduction/oxidation peaks
corresponding to MnO (located at 0.88/1.33 V) in the 2nd to 5th cycles were confirmed. In
parallel, the reduction/oxidation peaks of Mn** were gradually weakened as a result of
the microstructural reorganization of the electrode material. As illustrated in Figure 3b,
the voltage plateau of the galvanostatic charge/discharge (GCD) curves coincides with
the position of the redox peak observed in the CV results. The initial discharge and
charge capacities of the MnO NCs@rGO film electrode were determined to be 1830 and
1160 mAh g1, respectively, with an initial Coulombic efficiency of 65% (based on the total
mass of the MnO NCs@rGO film electrode). The irreversible capacity loss observed during
the initial cycles was primarily attributed to the consumption of active lithium ions involved
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in the formation of the solid electrolyte interface (SEI) film. Subsequently, the Coulomb
efficiency gradually increased, approaching 100% after three cycles, while the discharge
and charge curves were essentially coincident. In terms of cycling stability, the MnO
NCs@rGO film anode maintains a specific capacity of 1121 mAh g~! after 200 cycles at a
low current density of 0.2 A g1, with a capacity retention rate of about 96.8% (Figure 3c).
In comparison, the MnO electrode demonstrated a tendency towards rapid capacity decline,
while the pure rGO paper exhibited a considerably lower capacity than that of the MnO
NCs@rGO film anode (Figures S8 and S9). Surprisingly, the specific capacity of the MnO
NCs@rGO film anode remained stable after 1000 charge/discharge cycles at 500 mA g~ !
(as shown in Figure 3d). Moreover, it showed a slight increase, which has been documented
for numerous transition metal oxide anode materials [39,40]. This phenomenon can be
attributed to the nanosizing of active materials, the expansion of the specific surface
area, and the enhancement of electrochemical sites during high-current charging and
discharging [41]. In contrast, the two opposing electrodes (MnO and rGO anodes) showed a
rapid decrease in capacitance at the outset of the electrochemical reaction and maintained a
very low capacitance thereafter, which can be attributed to structural instability (Figure 510).

(a) (b)so (024400 120
02 7 >
25 2000 100 5,
Q
o0l = -@- Charge 54
é 220 E' 600 -9- Discharge 80 .5
00 o > bic efficiency =t
e l.5 E1200 4 e ——]
g —st s 2 Z
0.1 —2md = a 2
E —— 2 10 & 800 w03
—5th Q
O 2 0.5 =400 20 %
3 o
0.0 2 o @
00 06 12 18 24 30 0 500 1000 1500 2000 @ o 50 100 150 200
( d Voltage vs. Li/Li* (V) Specific capacity (mAh g!) Cycle number (n)
)2400 1202
T =
100
5 5
80 .©
g
=
%‘ 60 5
<
g 40 3
31 -@- Charge g
z,% -@- Discharge 20 ,L:)
'g -@- Coulombic efficiency B
o 0F T T r 0 O
n 100 300 500 700 900 1000
Cycle number (n)
© ., (£)_2000 (g)_1500
: T -9 Charge T
o0 ~ 6.6
— 0 i 1600 -@- Discharge ;“1200 i w9
— 04 o
e
s ?a; \5/1200 cY l (2650)
e > 23min  (3970) §
— 30 = \. l 1.5 min ::':'2 O
—_— Q .9 min
. g 800 gt l
— 200 3 \l\l
\ —00 [ & 400 =
N 500 2=}
5
» H
0 300 600 900 1200 1500 ©a' 0 20 40 60 80 100 120 0 10 20 30 40 50
Specific capacity (mAh g) Cycle number (n) Current (A)

Figure 3. Electrochemical performance of the flexible MnO NCs@rGO film electrode: (a) CV curves
0.1mVs~1; (b) galvanostatic charge/discharge profiles and cycling performance at (c) 200 mA g_l
and (d) 500 mA g~ '; (e) galvanostatic charge/discharge profiles, (f) rate capability, and
(g) corresponding relationship between current density and charge/discharge time at different cur-
rent densities from 0.2 A to 50 A g~ 1.

Furthermore, Figure 3ef illustrates the constant GCD and rate performance curves at
different current densities (0.2—50.0 A g~ !). Clearly, the voltage plateaus of the GCD curves
are obvious, and with increasing current density, the plateaus regularly weaken, but these
plateau positions remain relatively stable, which is attributed to the superconductivity
reducing the electrochemical polarization. Figure 3f shows the excellent rate performance
of the MnO NCs@rGO film electrode, exhibiting charge-specific capacities of 1100, 1015,
938.5, 899, 838.7, 775.4, 667,515, 418.5, and 336.6 mAh g_1 at current densities of 0.2, 0.4, 0.8,
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1.6,3.0,5.0,10.0, 20.0, 30.0, and 50.0 A g’l, respectively, which are much higher than those
of the MnO, rGO electrodes (Figure S11) and electrode materials, based on those reported
for MnO [6,24-27,37,40]. Surprisingly, even at an ultra-high current density of 50.0 A g~!
(equivalent to 66.2 C), the MnO NCs@rGO film electrodes demonstrate a reversible capacity
of 336.6 mAh g~ !, which corresponds to the completion of a charge/discharge time of only
0.9 min (Figure 3g). The ultra-high current tolerance and corresponding ultra-high capacity
indicate that the MnO NCs@rGO anodes possess exceptionally robust structural stability.
The unrivalled rate performance and structural stability of the MnO NCs@rGO film anode
are significantly superior to those reported for MnOy-based electrodes (Table S1). As antici-
pated, the favorable cycling stability and excellent rate performance indicate a promising
potential application in future high-specific-energy lithium-ion secondary batteries.

2.3. Electrochemical Reaction Mechanism

Furthermore, ex situ XRD tests were employed to investigate the detailed lithium-ion
storage mechanism of the MnO NCs@rGO film anode, as shown in Figure S12. A diffraction
peak is consistently present at 43.3°, attributed to the copper current collector (JCPDS No.
99-0034). The initial characteristic peaks at around 34.9 and 40.5 correspond to the (111) and
(200) crystal planes, respectively, of the cubic phase of MnO (JCPDS No. 07-0230). Obvi-
ously, the diffraction peaks of MnO gradually weakened and disappeared at 0.38 V during
discharge and were regenerated during subsequent charging. Meanwhile, the diffraction
peaks corresponding to the rGO (002) crystal surface (located at 21.2°) gradually shifted to
a smaller angle during the discharge process, confirming the expansion of the interlayer
spacing, which can be attributed to the intercalation and adsorption of lithium ions within
the interlayers. On the contrary, the (002) peak recovers to 21.2° after charging back to
3.0V, indicating the outstanding structural stability and electrochemical reversibility of the
MnO NCs@rGO film electrode. Combined with the CV test results, it can be concluded that
MnO in the MnO NCs@rGO electrodes follows a stepwise conversion-reversion conversion
reaction mechanism, while rGO undergoes an intercalation-adsorption reaction process.

2.4. Kinetic Analysis

To gain further insight into the underlying mechanisms for the excellent rate perfor-
mance of the MnO NCs@rGO film electrodes, a series of cyclic voltammetry tests and
galvanostatic intermittent titration technique (GITT) tests were performed at different scan
speeds. The corresponding Li-ion storage behavior and Li* diffusion coefficient (Dy ;) was
then summarized. In the CV curves (as shown in Figure 4a), the reduction and oxidation
peaks of the MnO NCs@rGO film electrode shifted in opposite directions with an increasing
scan rate (from 0.2 to 1.0 mV s~ 1). The calculated b-values of the linear fits corresponding
to the reduction (peak 1, peak 2) and oxidation (peak 3, peak 4) peaks are 0.98, 0.81, 0.77,
and 0.88, respectively (Figure 4b), suggesting that the MnO NCs@rGO film electrodes
follow the pseudo-capacitance-dominated “capacitor-battery” dual-type lithium storage
mechanism [42,43]. Moreover, the capacitance contributions of the MnO NCs@rGO film
electrodes were calculated to be 61.4%, 67.1%, 71.8%, 74.7%, and 79.7% for the scan rates of
0.2,0.4,0.6,0.8, and 1.0 mV s, respectively (Figure 4c,d). The high pseudocapacitance
is mainly due to the abundant active surface area afforded by the layered rGO and the
ultrafine MnO particles, as well as the presence of highly active electrochemical reaction
sites provided by the MnO NCs. Subsequently, the diffusion coefficient of Li* in the MnO
NCs@rGO film electrode was evaluated after 20 cycles using the GITT, applying a series of
pulse currents at 0.02 A g~ ! for 30 min (t) and allowing it to remain stationary for 30 min.
As depicted in Figure 4e, both the MnO NCs@rGO film and the MnO electrodes exhibit
similar potential distribution trends throughout the entire discharging/charging processes,
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indicating the same Li-ion storage mechanism. The calculated Dy ;; of MnO NCs@rGO was
found to be 5.98 x 10712-2.97 x 10~!! cm? s~!, which significantly higher than that of MnO
(3.22 x 10712-5.53 x 10712 cm? s~12) (Figure 4f). The aforementioned kinetic analyses have
demonstrated that the MnO NCs@rGO film electrode with a layer-embedded structure
can significantly accelerate Li* transport, thus resulting in its superior rate performance
and lithium storage kinetics. In summary, the exceptional electrochemical performance
of MnO NCs@rGO film electrodes can be attributed to the ingenious structural design, as
illustrated below: (1) the large-area rGO nanosheets and ultrafine MnO nanoparticles pro-
vide abundant electrochemical active sites; (2) the rGO-based film possesses an abundant
fold-like structure to provide a sufficient attachment interface for the MnO, also providing
a volume-release space for repeated charge/discharge processes; (3) the layer-by-layer
embedded three-dimensional structure promotes electrolyte infiltration and storage and
shortens the distance for ion transport; (4) most importantly, the strong synergistic effect
between rGO nanosheets and MnO NCs significantly improves the ability of the composite
electrode to withstand mechanical deformation, expands the electrode/electrolyte contact
area, reduces the electron/ion transport resistance, and improves the reaction kinetics.
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Figure 4. Dynamic behavior analysis of the flexible MnO NCs@rGO film electrode: (a) CV curves at
various scan rates, (b) the relationship between log i and log v, (¢,d) capacity contribution ratios of
capacitive-controlled behavior of the flexible MnO NCs@rGO film electrode. (e) GITT curves and
(f) corresponding Dy ;, values for the MnO NCs@rGO film and MnO electrodes.

2.5. Flexible Full-Cell Assembly and Electrochemical Properties

In light of the aforementioned exceptional electrochemical properties, remarkable
flexibility, and robust mechanical properties, the MnO NCs@rGO film electrode has es-
sentially fulfilled the criteria for high-performance electrode materials in flexible LIBs. To
assess the practicality of the MnO NCs@rGO film anode when coupled with the LiCoO,
cathode and an aluminum-coated plastic film shell, a flexible lithium-ion full cell (MnO
NCs@rGO/ /LiCo0O,) was constructed after vacuum encapsulation. As illustrated in
Figure 5a, the size of the flexible full cell is 5.5 x7.5 x 0.1 cm. Long strips of aluminum and
copper foil are employed to facilitate contact with a limited portion of the electrode materi-
als and are used as battery tabs for the cathode and anode of the full cell. Initially, a low
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current density of 20 mA~! was applied during the initial galvanostatic charge/discharge
process, which is considered as the cell formation process. In order to optimize the cell
capacity, the voltage range of the full cells was set to 0.5-3.9 V. Figure 5b,c shows the
GCD curves and cycle performance results of the MnO NCs@rGO/ /LiCoO, full cell at
different bending angles under 200 mA g~ !, with each bending angle performed for 10
cycles. It can be observed that the initial charge-/discharge-specific capacities of the MnO
NCs@rGO/ /LiCoO, full cell were 2015 and 1195 mAh g~!, respectively, with a Coulombic
efficiency of approximately 60% (Figure 5b). Following the bending of the flexible full cell
to 30 °, 60 °, 90 °, and 180 ° and subsequent reversible restoration to 90 °, 60 °, 30 ©, and 0 °,
respectively, the reversible capacity remained almost constant (Figure 5c), confirming the
excellent flexibility and stable electrochemical stability of the MnO NCs@rGO/ /LiCoO,
full cell. The additional stability test, as illustrated in Figure 5d, demonstrated that the
charge-specific capacity of the MnO NCs@rGO/ /LiCoO; full cell remained at approxi-
mately 941.8 mAh g~ ! over 200 cycles at 500 mA g~!, with a capacity retention rate of
nearly 100%. It is noteworthy that the full cell exhibited a consistently high Coulombic
efficiency, exceeding 99% throughout the cycling period. In order to assess the practicality
of the full cell, it was bent and connected to an array of about 100 LEDs, which were suc-
cessfully illuminated (Figure S13). These favorable results in terms of bending performance
and electrochemical stability indicate that the MnO NCs@rGO/ /LiCoO; full cells have the
potential for commercialization in flexible and wearable optoelectronic devices.
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Figure 5. (a) Photograph, (b) GCD curves, and (c) corresponding cycling performance of the flexible
full cell with different bend statuses. (d) Long-term cycling performance and Coulombic efficiency of
the full cell at a current density of 500 mA g~ .

3. Conclusions

In summary, we have successfully synthesized a layer-embedded structured, flexible
MnO NCs@rGO thin-film electrode using a novel “spontaneous complexation—exfoliation”
strategy. This method utilizes the nucleophilicity of GO surface functional groups and
the surface hydrophobicity of rGO to achieve the spontaneous complexation—exfoliation
process, thereby indicating its feasibility for simple and large-scale application. Benefiting
from the synergistic effect of the thin film, its flexibility, the strong mechanical properties
of rGO, and the numerous active sites and high capacity of ultrafine MnO NCs, the
flexible MnO NCs@rGO anodes completely overcame the inherent drawbacks of MnO
electrodes, including low conductivity, huge volume effect, and rapid capacity degradation.
Consequently, the lithium storage capacity and fast charge/discharge capability have
reached new heights. Most impressively, the assembled soft-pack lithium-ion battery can
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withstand full-angle bending without any capacity loss. These results demonstrate the
rationality and broad application prospects of the layered embedded structure.
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profiles and cycling performance of the MnO anode at 0.2 A g~ ; Figure S7: GCD profiles and cycling
performance of the rGO anode at 0.2 A g~; Figure S8: Cycling performance of the MnO and rGO anode
at 0.5 A g~ 1; Figure S9: Rate performance of the MnO and rGO anode at different current densities from
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Abstract: This study addresses the persistent challenge of polysulfide dissolution in lithium-sulfur
(Li-S) batteries by introducing magnesium oxide (MgO) nanoparticles as a novel additive. MgO was
integrated with sulfur using a scalable process involving solid-state melt diffusion treatment followed
by planetary ball milling. XRD measurements confirmed that sulfur (Sg) retains its orthorhombic
crystalline structure (space group Fy;;) following the MgO incorporation, with minimal peak shifts
indicating slight lattice distortion, while the increased peak intensity suggests enhanced crystallinity
due to MgO acting as a nucleation site. Additionally, Raman spectroscopy demonstrated sulfur’s
characteristic vibrational modes consistent with group theory (point group D,h) and highlighted
multiwalled carbon nanotube (MWCNT’s) D, G, and 2D bands, with a low Ip/I¢ ratio (0.47), which
indicated low defects and high crystallinity in the prepared cathode. The S-MgO composite cathode
exhibited superior electrochemical behavior, with an initial discharge capacity (950 mA hg~! at0.1 C),
significantly improved compared to pristine sulfur’s. The presence of MgO effectively mitigated the
polysulfide shuttle effect by trapping polysulfides, leading to enhanced stability over 400 cycles and
the consistent coulombic efficiency of over 99.5%. After 400 cycles, EDS and SEM analyses confirmed
the structural integrity of the electrode, with only minor fractures and slight sulfur content loss.
Electrochemical impedance spectroscopy further confirmed the enhanced performance.

Keywords: vibrational modes in Li-S; sulfur-MgO composite; energy storage applications; cyclic
stability; morphology sulfur cathode; polysulfides

1. Introduction

Lithium-sulfur (Li-S) batteries are expected to be the basis for next-generation high-
energy rechargeable batteries due to their high theoretical specific capacity (1673 mA h g™1),
high theoretical specific energy (2567 Wh kg 1), and low cost. Although the sulfur cathode
has recently been operated beyond the topotactic discharge voltage for Li-S to obtain high
capacities of around 900 mA h g~! and more, their applications are hindered by several
technical challenges [1-3], including rapid capacity fading, low coulombic efficiency, and
irreversible active mass loss. An effective way to overcome these challenges is to bind the
LiySy species to host materials in order to suppress the polysulfide shuttle, thus enhancing
the cycling stability of the Li-S batteries. An ideal anchoring material should (1) exhibit
robust but not too strong of a chemical interaction with the Li;Sx species (0.8-2.0 eV
including Van der Waals interactions) to effectively trap them; (2) keep the species intact to
prevent their dissolution into the electrolyte; (3) have a large and sufficient active region to
accommodate sulfur volumetric expansion; and (4) possess a small characteristic dimension
of the sulfur electrode to avoid pulverization. Therefore, it is imperative to control the
volume fluctuations of sulfur upon cycling, suppress the dissolution of the intermediate
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polysulfides, and improve the ionic/electronic conductivities of sulfur and relevant metal
sulfides [4-8]. Figure 1 shows the schematic and electrochemical reaction mechanism of
the Li-S batteries.

/ -
Voltage Phase Chemical Reactions
(\%) Transition Sg + 16Li* + 16e~ < 8Li,S
~2.4 Solid- Sg + 2Lit + 2~ — 2Li,Sg
A Liquid

2.4 t02.2 Liquid- | 3Li,Sg+ 2Li* +2e~ — 4Li,Ss
= Liquid | 2Li,Sq 4 2Li* +2e” - 3LiyS,
l = Li S, + 2Lit +2e- - 2Li,S,
LipS, + 6Li* + 66~ —  4Li,S

2.1 t0 1.65 | Solid- Solid | Li,S, + 2Li* +2e~ —  2Li,S

Figure 1. Schematic of Li-S battery and Electrochemical classification.

The theoretical density of sulfur is about 2.07 g cm 2, notably lower than that of the typi-
cal cathode materials in conventional Li—ion batteries, LiCoO, (5.1 g cm’3), LiNi,CoMn, O,
NMC (4853 ¢ cm~?), and LiMn,O4 LMO (4.3 g cm~3). To enhance the volumetric capac-
ity of sulfur cathodes, it is essential to utilize host materials that possess higher density
and improved functionality. Transition metal oxides, exhibiting densities between 3.5
and 5.1 g cm™, provide a significant benefit in enhancing the overall volumetric capacity.
Magnesium oxide (MgO), possessing a theoretical density of 3.58 g cm ™3, serves as an ap-
propriate additive for sulfur-based cathodes, facilitating an optimal balance between high
density and functionality. The substantial specific surface area (150-300 m? g 1), resulting
from its nanostructured form, enhances the cycling stability. The interaction of MgO with
lithium polysulfides (LiPSs) improves structural integrity, facilitates the conversion of LiPS,
and reduces the shuttle effect, resulting in enhanced electrochemical performance [9,10].

Moreover, the incorporation of functional groups [11-14] such as oxygen, nitrogen,
boron, and sulfur into carbon structures has demonstrated an improvement in polysulfide
adsorption via both chemical bonding and physical confinement. This dual interaction di-
minishes the shuttle effect considerably, resulting in enhanced cycle stability and increased
sulfur utilization. Table 1 delineates that many oxides have been effectively functionalized
as additives or incorporated into sulfur cathodes, showcasing significant promise for future
commercial use in Li-S batteries [15].

Table 1. Current state-of-the-art oxide materials for enhancing cathode performance in Li-S batteries.

Oxides as

Cathode Additive Mechanism Experimental Findings Reference
Al O3 / S Adsorbs LiPSs, enhancing 660 mA h g,l over 25th cycle [16]
composite cycle performance.
. . Traps LiPSs and improves 850 mA h g’1 (0.5C, 200 cycles)
TiO, /S composite sulfur retention and cycle life ~97% [17]
Prevents LiPS dissolution,
Mg 6Nig4O/S composite enhancing redox reactions and 1185 mA h g~ (50 cycles) [18]
durability
Adsorbs polysulfides, 1
MCM/Nb;,Os5 composite reducing shuttle effect and 650 mA h g 9(82" /C’ 500 cycles) [19]
~ o

improving sulfur retention
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Table 1. Cont.

Oxides as . . N
Cathode Additive Mechanism Experimental Findings Reference
Polysulfide adsorption 1
NiO-CNT/S composite reduces capacity fade and 609 mAhg Né%o} C, 160 cycles) [20]
enhances cycle stability ?
Strong polysulfide adsorption, 1
SnO, /S composite limiting shuttle effect and 550mAhg Né%; C, 700 cycles) [21]
improving retention ?
. Traps LiPSs, reducing shuttle 611 mA h g_l (0.5C, 200 cycles),
Ce0,/5 composite effect and improving capacity 3.5 mg/cm? high loading ~99% [22]
Polysulfide capture and 1
MoO,@CNT/S composite catalytic conversion, 40mAhg ~9(710/C’ 700 cycles) [23]
improving sulfur utilization ?
Adsorbs and catalyzes 1
C0304/S composite polysulfide conversion, 694mAhg B g%; €, 550 cycles) [24]
reducing capacity fade ?
High surface area for 1
rGO@ZnO/S composite polysulfide trapping, 674 mAhg B 9(61°/C, 400 cycles) [25]
enhancing sulfur retention ?
Strong polysulfide adsorption, 1
Fe304/S composite reducing shuttle effect and 610mAhg ~9($130§: 1000 cycles) [26]
stabilizing sulfur ?
Traps and catalyzes 1
MnO,@rGO/S composite polysulfide conversion, 578 mAhg ~éo5; €, 100 cycles) [27]
improving cycle stability ?
Traps LiPSs, reducing shuttle 1
S/MgO-MWCNT-Super P effect and improving ~600mAh g~ over 200 cycles at 0.1 C, Present study

- —1 99 5%
reversibility 650 mA h g™ at 1 C; ~99.5%

Metal oxides typically demonstrate low electrical conductivity, thereby restricting the
efficiency of electrochemical reactions that involve anchored polysulfides on their surfaces.
For effective utilization, these polysulfides need to diffuse towards neighboring conductive
carbon materials. The diffusion of anchored polysulfides across metal oxide surfaces is a crit-
ical factor in the design of effective interlayers for sulfur-based batteries. Research [9,28,29]
integrating density functional theory (DFT) calculations with experimental validations
identifies MgO as a suitable candidate owing to its robust polysulfide-binding capability
and minimal diffusion energy barrier, thereby effectively mitigating the polysulfide shuttle
and improving the overall battery performance.

This study aims to develop and investigate a novel S/MgO-carbon composite inter-
layer to enhance the performance of Li-S batteries by addressing key challenges, particu-
larly the polysulfide shuttle effect, which leads to capacity fading and reduced efficiency.
The integration of MgO nanoparticles with multiwall carbon nanotubes (MWCNTs) and
Super P carbon black enhances the trapping and reutilization of polysulfides. Structural
analyses employing X-ray diffraction (XRD), Raman spectroscopy, Fourier transform in-
frared (FT-IR) spectroscopy, and scanning electron microscopy (SEM) validated the uniform
dispersion of MgO, which effectively confines polysulfides and improves the structural
integrity. Electrochemical tests, including galvanostatic charge-discharge (GCD) and cyclic
voltammetry (CV), revealed improved rate capability and cycle life, with stable capacity
retention (~600 mA h g~! over 200 cycles) and high coulombic efficiency (CE) (~99.5%).
These findings demonstrate MgO’s role in enhancing sulfur utilization, mitigating the
polysulfide shuttle, and improving the overall battery longevity.
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The incorporation of MgO into sulfur cathodes has demonstrated significant improve-
ments in suppressing the polysulfide shuttle effect, leading to enhanced cycling stability
and sulfur utilization in Li-S batteries. MgO as a functional additive is expected to en-
dow the cathode with stronger chemical confinement against polysulfide shuttling. In
addition to exploring other transition metal oxides and composite materials to enhance
battery performance, future research could investigate the application of these improved
Li-S batteries in space. The unique environmental conditions of space, such as extreme
temperatures, vacuum, and radiation, present challenges for battery technologies, but the
high energy density and improved cycling stability of MgO-enhanced Li-S batteries make
them attractive candidates for space missions. Optimizing the design to ensure stability
under these harsh conditions could enable their use in space exploration, satellites, and
lunar or Martian habitats, where long-duration energy storage is critical. Additionally,
fine-tuning the particle size and surface modification of MgO may enhance its interaction
with polysulfides, providing opportunities to develop next-generation Li-S batteries with
even greater capacity retention, energy density, and long—term stability.

2. Results and Discussion
2.1. Structural Measurements
2.1.1. X-Ray Diffraction (XRD)

The XRD patterns of pristine sulfur (S) and S/MgO are shown in Figure 2a. The sulfur
patterns exhibit sharp, well-defined peaks, specifically prominent at about 23.11°, 25.81°,
and 27.70°, which correspond to (222), (026), and (206), respectively. These are the charac-
teristic peaks of the orthorhombic crystal structure of sulfur (Sg) [30]. We observed many
other reflections, indicated with (hkl) values in Figure 2a. These peaks signify the high crys-
talline nature and phase purity of sulfur (ICDD/JCPDS reference file 01-07-1888). These
peaks remain prominent in the S/MgO composite sample, confirming that sulfur retains its
crystallinity after the incorporation of MgO nanoparticles. In addition to sulfur’s peaks,
the prepared sample shows distinct peaks at 36.92°, 42.91°, and 63.28° (inset: Figure 2b),
attributed to the cubic phase of MgO (ICDD/JCPDS reference file 00-043-1022) [31,32],
confirming the successful incorporation into the composite. We observed minimal peak
shifting (Figure 2b) to a higher angle in the S/MgO sample (222 peak from 23.11° to 23.15°)
(Figure S2), suggesting minor lattice distortion, which might be due to the interaction
between sulfur and MgO. Thus, the intensity of the S/MgQO prepared (Figure S1) sample is
relatively high compared to pristine sulfur, indicating that the presence of MgO nanoparti-
cles enhances the crystallinity of sulfur [33,34]. This leads to MgO acting as a nucleation
site, facilitating the crystallization process of sulfur and leading to the stabilization of
the sulfur structure. The improved crystallinity and structural stability are beneficial for
enhancing the performance of the composite material regarding the application of Li-S
batteries [34]. To confirm the phase of the composite materials, we refined the spectra
utilizing the HighScore plus software 3.0.5 to analyze the phase, sulfur consisting of the
Fi44 space group (orthorhombic structure), and MgO as the secondary phase of the F, 5,
space group of the cubic crystal structure, and the refinement maintains the goodness—of—fit
factor at less than 3%.

2.1.2. Scanning Electron Microscopy (SEM)

Figure 2c¢,d shows the SEM images of the S/MgO and S/MgO-MWCNTs-Super
P composites, respectively. In the S/MgO composite, the sulfur matrix appears to be
uniformly dispersed with the MgO nanoparticles across the surface, preventing sulfur
agglomeration and contributing to the overall structural uniformity of the composite,
as observed in the XRD analysis. The S/MgO-MWCNTs-Super P composite, however,
displays a more complex morphology, with the MWCNTs forming a fibrous network
(shown in Figure 2d) intertwined with sulfur and MgO particles, while Super P contributes
to a porous, conductive matrix (also shown in Figure S3) [34-36]. This interconnected
structure enhances electron transport, with the MgO particles remaining well-integrated.
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The morphology suggests an optimized composite for high conductivity and stability,
typically required for Li-S battery applications.
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Figure 2. (a) XRD patterns of sulfur and S/MgO (inset: Vesta images of sulfur and MgO), (b) minimal
peak shifting (inset: peaks of MgO), (c) SEM images of S/MgO, and (d) S/MgO-MWCNTs-Super P
composite material.

2.1.3. Raman Analysis

Figure 3a—d shows the Raman spectra of the pristine sulfur, MWCNT (inset: super P),
S/MgO, and S/MgO-MWCNTs-Super P, respectively. However, studies [37-40] indicated
the D4d and Dh [38,41-43] point group for the analysis of the Raman spectra of pristine
sulfur. For our measurement, we utilized the D,/ point group and F;;, space group for
a-sulfur of crystalline form. We discussed in detail how the sulfur modes are assigned to
specific symmetry in the vibrational mode analysis section of the Supplementary Informa-
tion (SI). In Figure 3a, there are various Raman active modes, at about 150, 183, 245, 436
cm ™!, corresponding to non-totally symmetric bending/stretching vibrations with Big, Bag,
Bsg symmetries. Additionally, the modes at 216 and 470 cm~! correspond to symmetric
stretching vibrations with Ag symmetry [38,41].
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Figure 3. Raman spectra of (a) pristine sulfur, (b) MWCNT (inset: Super P), (c) S/MgO, and
(d) S/MgO-MWCNTs-Super P.

Regarding the Raman spectra of the MWCNT and Super P shown in Figure 3b, the
MWCNT spectra exhibit characteristic peaks at about 1350 cm ! (D-band), which signify
the defects/disorder in the sp? carbon lattice around 1580 cm~! (G-band), suggesting
in-plane vibrations of sp?>~hybridized carbon atoms, and 2700 cm ! (2D band), which is an
overtone of the d-band and broader due to the structure of the MWCNT composite [44—46].
For the mixture of S/MgO and S/MgO-MWCNTs-Super P, Raman spectra are also shown
in Figure 3c,d. In the S/MgO, peaks between 150 cm ! and 500 cm ! predominately show
sulfur vibrational active modes. The absence of significant peaks beyond 500 cm ™! reflects
the lack of observable raman activity for MgO, which typically has a very low Raman
cross-section due to its ionic nature and simple vibrational modes that are often raman-
inactive or weakly active. Therefore, MgO does not contribute prominently to the spectrum,
and the flat signal beyond sulfur’s peaks confirms MgO’s minimal contribution to the
raman scattering in this composite. In the mixing of all the precursors, Figure 3d shows
characteristic carbon peaks of D, G, and 2D bands at about 1350, 1580, and 2683 cm™ 1,
respectively. Significantly, the comparable intensity of the D band to that of the G band
in our study serves as a clear indicator of the presence of defects within the examined
specimen. The calculated ratio between the intensities of the D and G bands (Ip/Ig) is
determined to be 0.47, suggesting low-level defects in the sample alongside a higher degree
of crystallinity. This observed I /I ratio provides valuable quantitative insight into the
structural characteristics of the examined material, emphasizing the coexistence of defects
and a well-defined crystalline structure within the analyzed carbon nanotube sample. This
low value of the ratio indicates that MWCNTs retain a substantial degree of crystallinity,
even after the incorporation of S and MgO [47-49].
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2.1.4. Fourier Transform Infrared Spectroscopy

As we discussed regarding the vibrational mode’s activity in the pristine sulfur (SI
section), there are modes By, By, and Bs,, which are IR-active, not Raman-active, and
only A, mode, which is neither Raman nor IR active, called silent mode. FT-IR is a well-
established spectroscopic technique that is low in cost with simple operation but has yet
to be implemented in Li-S batteries under electrochemical evaluation to monitor Li-S
batteries. Recent work [50] has established that this technique could be used to detect
different LiPS species based on the S-S vibrational mode. Figure 4a shows the spectrum
of pristine sulfur, demonstrates the peak about 470 cm !, a characteristic signal of Sg,
and can be attributed to the stretching of S-S bonds, which is more likely consistent with
theBi, /B3y IR active mode, predicted by group theory for the Doh point group [51,52].
Additionally, we observed the other signature mode around 840 cm~— ! which likely cor-
responds to the bending mode or deformation mode of the Sg ring structure because of
the bending, wagging, or twisting modes generally observed in this region. This peak
might be attributed to the By, /B3, mode, where sulfur atoms might be undergone out of
the plane distortions [42,52,53]. This phenomenon tends to increase the electrical conduc-
tivity and catalytic reaction efficiency [54,55]. In Figure 4b, the main peak for identifying
Mg=0 is observed at 434 cm~! from the stretching bond [56]. The peaks at 1488 cm ™!
and 1406 cm ! are the bending vibrations of the water molecules due to the humidity in
the S/MgO formation process since they are rapidly chemisorbed on the surface of the
MgO, as well as the CO, bound to a sulfur [57,58]. Additionally, the other characteristic
peaks of sulfur are observed at 464 cm~! and 854 cm ™!, and the interactions between sulfur
and the MgO molecule in the formation of sulfites and sulfates are shown in the peaks at
1106 and 996 cm !, respectively [59]. However, with the MgO composite electrodes, it is
found that there are two key absorption regions that provide insightful redox information:
the S-S vibrational modes approaching the far-IR region (~470 cm ') and the symmetric
SOj stretch vibrational mode of the triflate anion (~854 cm™1!). Both regions show cyclic
evolution during reactions, indicating the disappearance of polysulfides and changes in
the triflate ion coordination state, respectively.

In the case of S-MWCNT-Super P, the spectrum indicates new chemical ligands
together with sulfur. We observed the characteristic peaks of sulfur at 840 cm~! and
464 cm~1; this last peak was displaced by the S-C interactions; in addition, there is the
presence of the S-OR (ester group) that can be identified in the peak at 878 cm ™1 [55]. The
peaks shown are associated with C-S, C-C, and C=C bonds, as indicated in the peaks at
1054, 1274, and 1398 cm ! [55], which include the stretching of the sulfate and sulfonated
groups, and the peaks at 1550 and 1506 cm ! would be the stretching vibrations of the C-C
and C=C bonds [60] characteristic of MWCNTs. Moreover. Figure 4d shows the S/MgO
and mixing of the MWCNT /Super P combination. The structure reveals the combination
of the signals, where we can observe the presence of the new material in the interaction,
the S ions with peaks at 840 and 434 cm 1, the characteristic signal of MgO at 434 em L
and the C=C and C-C interactions at 1560 cm ! and 1400 cm !, respectively.

The formation of the structures between the SSMWCNT and S-MgO is a benefit
regarding the use of electrodes for Li-S batteries because both structures can prevent the
formation of polysulfides in the cell electrolyte, improving the conductivity and structural
stability during multiple charges and discharges. The combination could improve the
overall properties, such as improved structural stability for increased electrical conductivity
and better containment of the polysulfide formation within the battery electrolyte, resulting
in higher energy density.
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Figure 4. FT-IR spectra of (a) pristine sulfur, (b) S/MgO, (c) S-SMWCNT-Super P, and (d) S/MgO-
MWCNTs-Super P composite.

2.2. Electrochemistry

In Li-S batteries, electrochemical measurements play a crucial role in understanding
the mechanisms of sulfur redox reactions, polysulfide formation, and overall battery
performance. The electrochemical behavior of the sulfur in the battery is characterized
by a series of phase transitions and chemical reactions as lithium ions (Li*) interact with
the sulfur to form different polysulfide intermediates. Figure 1 also highlights the well-
known electrochemical reactions involved in the Li-S batteries. Electrochemical techniques
such as galvanostatic charge—discharge (GCD) cycling, cyclic voltammetry (CV), and
electrochemical impedance spectroscopy (EIS) provide insight into the kinetics of these
redox processes, battery capacity, and stability over time.

Figure 5 shows GCD profiles of the assembled coin cells of (a) S/MWCNT/Super
P/PVDEF and (b) S-MgO/MWCNTs/Super P/PVDE, highlighting the characteristic two
plateau discharge behavior evident of the typical behavior of Li-S batteries. The first
plateau observed at 2.3 V corresponds to the reduction of elemental sulfur (Sg) to long—
chain polysulfides (LipSq to LipSs), while the second plateau around 2.1 V is associated with
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further reduction to insoluble Li,S, /Li,S, consistent with the reported literature on sulfur
electrochemistry in Li-S cells [61-63]. The cell demonstrated an initial discharge capacity of
950 mA h g~! while incorporating MgO other than the pristine sulfur (600 mA h g~ initial
cycles at 0.1 C rate), demonstrating more stable configurations over 400 cycles. The cycling
performance and rate of the battery depend on many parameters, like the used electrolyte
and its quantity, the active material’s stability and compatibility with the current collector,
the applied current for charge and discharge, etc. In the present manuscript, the main focus
was to control the polysulfide formation in the Li-S battery via the encapsulation engineer-
ing of sulfur with the MgO additive regarding the cathode. However, capacity retention was
observed with various C rates. In the S/MgO composite, we still observed the two—stage
plateau, but the MgO additive played a crucial role in mitigating the polysulfide shuttle
effect by chemically absorbing polysulfides and reducing the dissolution into electrolytes.
This interaction between the MgO and polysulfides prevents the loss of active sulfur mate-
rial and enhances the utilization, consistent with the state of the art [34,64,65]. Furthermore,
the fabricated cell exhibited a stable nature, as evidenced by the CE consistently exceeding
99.5%, depicted in Figure 5c. Figure 5d shows the cyclic performance and respective CE
of the assembled coin cell, demonstrating the impact of varying C rates (C/10to 1 C) on
the electrochemical behavior. We observed a specific discharge capacity 221000 mA h g~!
at a lower C/10 rate, which retained its capacity ~650 mA h g~! at 1 C upon increasing
the current and resumed the pattern of the original capacity while decreasing the current.
This natural phenomenon of batteries might be due to kinetic limitations and incomplete
redox reactions as high current densities reduce the time for full sulfur conversion and lead
to lower specific capacities [4,47,49,66,67]. Moreover, the recovery of the specific capacity
occurs upon returning to lower C values, which suggests a robust structure of the com-
posite, enabling reversible sulfur reactions and stable performance over extended cycles
(Figure S5) [68]. Notably, CE remains at about 99.5% throughout all the cycles, signifying
highly reversible electrochemical reactions and minimal loss of active material, supported
by the polysulfide-trapping capability of MgO, which prevents dissolution and enhances
the battery performance. The S/MgO-MWCNT-Super P composite demonstrates signifi-
cant improvements in sulfur retention and cycling stability compared to earlier oxide-based
composites. Oxides like TiO,, CeO,, and Fe3;O, (Table 1) have demonstrated effectiveness
in enhancing sulfur cathode performance. In contrast, the current study achieves a stable
discharge capacity of approximately 600 mA h g~! over 200 cycles at 0.1 C and maintains
around 650 mA h g~! at 1 C, alongside a high CE of ~99.5%. The results demonstrate
comparability to, and in certain instances surpass, the performance of the established oxide
composites, such as TiO, /S (850 mA h g_1 at0.5C), CeO,/S (611 mA h g_1 at 0.5 C), and
Fe304/S (610 mA h g~ ! at 1 C). The S/MgO-MWCNT-Super P composite demonstrates
superior rate capability, high stability, and improved sulfur utilization, highlighting its
potential as a viable candidate for the advancement of Li-S battery technologies, especially
in applications that demand both high energy density and long-term stability.

After the cycling of the cell, we conducted the investigation of the EDS and SEM
(Figure 6) of the S/MgO composite electrode for uncycled and after 400 cycles, indicating
significant structural and compositional alterations that highlight the electrode’s stability.
In the pristine electrode, MgO nanoparticles were found to be randomly and sparsely
distributed on the surface of the micrometer-sized sulfur particles (Figure S4). Remarkably,
the electrodes remained intact even after 400 cycles, a notable achievement considering
that sulfur electrodes typically face challenges in sustaining extended cycles without ad-
ditives [34,64]. Notably, there is no evidence of fracture observed in the pristine sample,
whereas some signature of fracture becomes apparent after the completion of 400 cycles, un-
derscoring the protective role of MgO nanoparticles in maintaining the structural integrity
of the electrode during the cycling process. From the EDS analysis of the cycled cathode,
it shows a reduction in the sulfur content from 23% to 21%, suggesting sulfur loss, likely
attributed to the dissolution of polysulfides into the electrolyte, a prevalent issue in Li-S
batteries that contributes to loss of active material and capacity degradation over prolonged
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cycles. The increase in the oxygen content indicates a possible interaction between MgO
and polysulfides, which may lead to the formation of sulfur-oxygen complexes or other
oxygen containing byproducts [69-71]. The interaction between MgO and polysulfides is
influenced by MgQ’s significant chemical affinity for polysulfides, which aids in confining
them within the cathode matrix, thus reducing their migration—an essential factor for
improving the long—term electrochemical stability of Li-S batteries. The results highlight
the dual role of MgO as a conductive matrix and chemical adsorbent for polysulfides,
enhancing the sulfur retention and cycling performance. Furthermore, the capacity of
MgO to capture polysulfides may lead to an enhanced oxygen signature detected in EDS
analysis as increased formation of oxidized species is probable during the cycling process.
This behavior reinforces the role of MgO in stabilizing the sulfur cathode and mitigating
capacity fade.
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Figure 5. Galvanostatic charge—discharge profile: (a) S cathode (without MgO), (b) S/MgO composite
cathode and (c) discharge-specific capacities of S/MgO composite cathode, and (d) rate performance
of S/MgO composite cathode in Li-S coin cell.
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Figure 6. SEM-EDS images of pristine and after 400 cycles of S/MgO cathode.

The cyclic voltammetry (CV) profiles (Figure 7a,b) further confirm these findings,
showing stable redox activity of sulfur before and after 400 cycles, with MgO effectively
trapping polysulfides and maintaining electrode conductivity. The higher current density
after 400 cycles suggests improved ionic and electronic pathways provided by MWCNT
and Super P. The electrochemical characteristics of a pristine electrode, as reported in the
literature [66,72,73], reveal two reduction peaks at 1.95 V and 2.2 V, along with a single
oxidation peak at 2.45 V, indicative of the typical sulfur reduction and oxidation processes.
The subsequent investigation of the CV characteristics after 400 cycles, within the operating
voltage range of 1.5-2.78 V, shows a stable electrochemical performance regarding the
reduction. The essentially coincident CV curves after the first cycle suggest sustained
stability. Moreover, the observed shifting in the peaks implies alterations in the thermody-
namics of the sulfur reduction and Li-S oxidation, hinting at potential improvements in
energy barriers. The two reduction peaks are associated with sulfur reduction reactions,
progressing from sulfur to lithium polysulfides (Li;Sn, 4 < 1 < 8), and further reduction to
LiS,/LiyS. The oxidation peak corresponds to the reaction from Li,S to lithium polysul-
fides. The stability regarding the oxidation and reduction peaks indicates that the S-MgO
composite electrode Li-S cell exhibits significant electrochemical performance, reinforcing
its suitability for practical applications [9,21,26,27,73]. Electrochemical impedance spec-
troscopy (EIS) (Figure 7c) further confirmed the enhanced performance, with a decrease
in solution resistance (from 11.77 Q) to 3.9 (}) and charge transfer resistance (from 185
to 156 ), signifying improved ionic conductivity and efficient charge transfer [74]. In
the process of the electrochemical reaction in electrodes, the Li-ion distributions at the
surface and inside the electrode differ, which manifests as a Li-ion concentration gradient
and drives Li-ion diffusion. In most cases, Li diffusion plays an import role in the kinetic
process that occurs in the electrode materials because the diffusion determines the reaction
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velocity of electrode materials and thus the rate performance of the electrode. However,
the increased diffusion impedance at low frequencies points to diffusion limitations, likely
due to polysulfide accumulation or solid electrolyte interphase (SEI) growth after extended
cycling. These findings reinforce the suitability of the S-MgO composite for long-term
Li-S battery applications as it effectively mitigates the shuttle effect and enhances sulfur
utilization [59,63,73].
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61



Molecules 2024, 29,5116

3. Materials and Methods
3.1. Materials

We utilized the following materials in our study, sourced from Sigma-Aldrich unless
otherwise noted: magnesium oxide (MgO, nanopowder, <50 nm particle size), Super-P car-
bon black, sulfur (S, 99.5-100.5%), polyvinylidene fluoride (PVDF, Mw 1000-1200 kg mol~1,
Solef 5130, Solvay, Brussels, Belgium), 1,3-dioxolane (DOL, 99%), 1,2-dimethoxyethane
(DME, 99.5%), bis(trifluoromethane) sulfonamide lithium (LiTFSI, 99.95% trace metals
basis), and lithium nitrate (LiNO3, 99.99%, trace metals basis). Additionally, the polymer-
based separator used for coating was polyphenylene ether (PPE, Celgard Chemicals, Char-
lotte, NC, USA). All materials were used as received, without further purification. We
would like to clarify that the mention of company names is solely for the purpose of accu-
rately describing the materials/ instruments used in our research and does not imply any
form of advertisement or endorsement.

3.2. Cathode Preparation, Electrolyte Preparation, and Li-S Coin Cell Assembly

In the cathode, compositions are represented as (SgpoMgOg1)os + (MWCNT)g2 +
(Super P)g1 + (PVDEF)g ;. Figure 8 illustrates the approach for cathode preparation, wherein
we initially combine 90% sulfur with 10% MgO using ball milling. Subsequently, 60% of
this mixture was amalgamated with 20% MWCNT and formed into pellets for further
processing by the heat diffusion technique in the autoclave and kept in an oven at 150 °C
for 6 h. Subsequently, during the preparation of the slurry, 10% Super P and 10% PVDF
(solution with NMP) were included, and the combination was crushed in an agate mortar
until homogenous. To attain the optimal viscosity for electrode preparation, the addition
of 1-2 mL of NMP is advised. Additionally, we prepared the pristine sulfur cathode as
(S)o6 + MWCNT)g2 + (Super P)o1 + (PVDEF)g ;. All components were stirred together in
a slurry maker until a homogeneous slurry was obtained. The slurry was evenly spread
over an aluminum sheet using a doctor blade machine, then dried at 60 °C for 16 hin a
vacuum oven. A die cutter with a 10 mm diameter (MTI Corporation, Richmond, CA, USA)
was used to punch the electrodes, and their weight was measured. The electrodes were
then transferred into an Arfilled glove box (MBraun, Garching bei Miinchen, Germany)
for coin cell assembly. The active mass loading of the final electrodes was approximately
1.1-1.4 mg cm~2, and cell was crimped utilizing MTI’s Digital Pressure Controlled Electric
Crimper for CR20XX Coin Cells (Ar Glovebox Compatible) MSK-160E (Richmond, CA,
USA) and pressure were maintained from 0.831-0.835 T.

Electrolyte Preparation and Assembly of Coin Cell 2032

For efficient trapping of polysulfides, a 1 M solution of bis(trifluoromethane) sulfonamide
lithium (LiTFSI) in a solvent mixture of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME)
in a 1:1 ratio was employed as the electrolyte. Initially, dried the LiTFSI and lithium nitrite
(LiNOgz) overnight at 65-70°C to remove the possible moisture. Subsequently, 2 wt% of
lithium nitrite (LiINO3) was added to enhance the electrolyte’s performance. The fixed
amount of electrolyte in various coin cells was maintained at 11-12 puL. mg™" of active sulfur
material. This tailored electrolyte composition was designed to optimize the performance
of the Li-S battery system in the experimental setup. Coin cells were assembled using
CR2032 components sourced from Landt Instrument, including a cathode cap, anode cap,
spring, and spacer. The setup also included a polypropylene (PP) separator (Celgard 2400,
16 mm), LiTFSI electrolyte, and Li chips (0.6 mm thick, supplied by MSE). A Li chip was
employed as the counter electrode (anode) in the half-cell configuration for Li-S batteries.
The coin cell assembly steps are shown in Figure S6.
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Figure 8. Schematics of cathode preparation.

3.3. Characterization

The crystal structure was analyzed using an X-ray diffractometer (XRD, Rigaku Smart
Lab, Tokyo, Japan) with CuK, radiation and a wavelength (A) of 1.5405 A. The instrument
was configured in Bragg—Brentano (6—20) geometry, scan rate 0.01, 26 10-70°, operated
at 40 kV and 44 mA, power 1.76 kW, and measurement error +0.01. To analyze the data,
we utilized Highscore Plus software 3.0.5 for peak matching and phase confirmation,
visualized using Vesta. Scanning electron microscopy (SEM) images and energy dispersive
X-ray spectroscopy (EDS) spectra were acquired with a JOEL JEM-1400Plus (Peabody, MA,
USA) microscope equipped with a LaB6 thermionic source operating at 120 kV. For the
analysis of normal modes of vibration, Raman and Fourier transform infrared spectroscopy
(FT-IR) spectra were utilized. Raman spectra were recorded from 100 to 3000 cm~! using a
Horiba-Jobin T64000 spectrometer (Longjumeau, France) in backscattering geometry, with
an excitation wavelength of 514.5 nm (a confocal microscope with an 80 objective with a
numerical aperture of 0.9). We utilized the suitable power (1-2 mW on prepared sample)
for the prepared sample based on the spectra observation and sample nature. Also, FTIR
spectra of samples were recorded by UATR HR Spectrum Two Perking Elmer (Shelton,
CT, USA). Data spectra were obtained in the range of 400-4000 cm~! using 32 scans and
resolutions of 2 cm 1.

Additionally, electrochemical evaluations, including charge—discharge profiles, cycling
stability, cyclic voltammetry, and electrochemical impedance spectroscopy (EIS), were
conducted to comprehensively assess the battery performance. Galvanostatic charge—
discharge (GCD) rate performance curves were obtained using the multi-channel battery
test system CT3002A (Landt, Vestal, NY, USA) in a voltage range of 1.5-2.78 V (vs. Li/Li"),
applying various currents. Cyclic voltammetry (CV) tests were conducted to evaluate
the cycling performance and stability of the cathode material using an Arbin instrument
at scan rates (0.1 mV/s). Electrochemical impedance spectroscopy (EIS) measurements,
conducted before and after cycling at the open circuit voltage (OCV), utilized a signal
amplitude of 10 mV within a wide frequency range, using a Gamry Instrument (Interface
1010E Potentiostat/Galvanostat/ZRA, 26081; Warminster, PA, USA).
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4. Conclusions

This study shows that MgO significantly improves the stability and discharge capacity
of Li-S batteries by functioning as a polysulfide-trapping agent. It sequesters dissolved
polysulfide intermediates from the sulfur cathode, thereby enabling the active material
to persist in electrochemical reactions. Structural and electrochemical analyses, such as
XRD, Raman, FT-IR spectroscopy, and cyclic voltammetry, validate the role of MgO in
reducing the polysulfide shuttle effect and enhancing sulfur utilization. Incorporating
MgO into the sulfur matrix diminishes capacity fading and enhances long—term cycling
stability. Following 400 cycles, the S-MgO composite retains its structural integrity, as
demonstrated by the SEM and EDS analyses, revealing only slight sulfur loss and an
increase in the oxygen content attributable to interactions between sulfur and MgO. The
composite demonstrates stable redox behavior and attains a high CE of 99.5%, indicating
that MgO serves as an effective additive for enhancing the lifespan and efficiency of Li-S
batteries. The results demonstrate that MgO is a promising additive for advancing Li-S
battery technologies by enhancing both capacity retention and cycling stability.
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Abstract: In response to the suboptimal electrochemical performance of low-valence vanadium
oxides, Ganoderma lucidum biomass-derived carbon@V,03 (V,03@CGL) composites were prepared
by evaporative self-assembly technology and high-temperature calcination. In the prepared com-
posites, Vo035 effectively encapsulates CGL, serving as a support for V,03 and enhancing electrical
conductivity and structural stability. This results in improved overall performance for the composites.
They revealed satisfactory electrochemical properties when assembled in aqueous zinc-ion batteries
(AZIBs). The preliminary discharge specific capacity of the V,03@CGL-2 (VOCG-2) composite
electrode reached 407.87 mAh g~! at 0.05 A g~ 1. After 1000 cycles, the capacity retention is 93.69%
at3 A g~!. This research underscores the feasibility of employing V,03 and abundantly available
biomass for high-performance AZIB cathodes.

Keywords: V,03; carbonized; biomass; cathode; AZIBs; capacity retention

1. Introduction

Severe environmental pollution and energy shortages have compelled us to develop
inexpensive and renewable storage devices for energy [1,2]. Lithium-ion batteries, as a type
of secondary battery, are currently one of the most widely used energy storage devices on
account of their satisfactory energy density and long cycle life [3,4]. Nonetheless, concerns
about safety and limited resources, such as lithium metal, have driven the exploration of
new battery systems. In recent years, water-based metal-ion batteries (e.g., zinc, sodium,
potassium, magnesium, and calcium) have shown enormous possibilities in energy storage,
considering the abundant reserves of metal resources on earth and their inherent safety [5].

Among these options, AZIBs have garnered significant curiosity from researchers
worldwide because of their rich sources, non-toxicity, high safety, low REDOX potential
(—0.76 V), and excellent theoretical capacity (approximately 820 mAh g~!) [6-9]. How-
ever, research on AZIBs is still in its early stages, and it is challenging to find positive
electrode materials suitable for reversible Zn?* embedding or de-embedding, restricting the
development of AZIB systems. Previous studies on AZIB cathode materials have focused
on Prussian blue analogues with a cubic open frame structure [10]. However, this has a
limited capacity (about 60 mAh g~!), which hinders further development. Manganese
oxides, such as MnO,, a-Mn,0O3, and Mn3Oy, have considerable voltage and desirable
capacity. Nonetheless, the dissolution of manganese in the electrolyte leads to poor cycling
performance [11-13].

Among AZIB cathode materials, vanadium-based materials have been extensively re-
searched for their high specific capacity, vast resources, and excellent cycle
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stability [14-17]. For instance, Hu et al. [18] obtained porous V,05 material (P-V,05)
by pyrolyzing V-MOFEF. As the cathode for AZIBs, the P-V,05 electrode manifested a ca-
pacity of 120 mAh g~! at 2 A g~ 1. They also demonstrated that the formation of V05
nanoflakes and the reorganization with carbon can increase cycle stability. Mai et al. [19]
successfully developed NayVO14-1.63H,0 material that is highly suitable for Zn>* embed-
ding and removal, demonstrating a noteworthy specific capacity of 352 mAh g~! and a
desirable long-cycle stability with a capacity retention of 90% for 6000 cycles at 0.05 A g~ *.

Although well developed in small-scale production, the above synthesis methods are
still far from commercialization due to their complexity, the high cost of electrolyte and
electrode materials, and unsustainable carbon sources [20,21]. Therefore, the search for
cheap, abundant, and renewable raw materials gradually gains popularity. Biomass, a
carbon-rich precursor, has been extensively researched in various applications because of
its inherent benefits, such as environmental friendliness, abundant renewable resources,
and economic benefits [22-24].

In this study, the Ganoderma lucidum biomass was first activated using KOH ul-
trasonic solvent and calcination. The observed V,03@CGL composites exhibited a large
specific surface area and numerous mesopores, which furnished abundant active sites
and efficient channels for reversible storage of Zn?*. Three Ganoderma lucidum biomass-
derived carbon/V,03 composites were prepared as positive electrodes for AZIBs, with
the economical 3M ZnSOy serving as the electrolyte. The VOCG-2 composite electrode
displayed outstanding durability with a satisfactory capacity retention of 93.69% after
1000 cycles at 3 A g~!. SEM analysis confirmed that the VOCG-2 composite electrode
maintained a steady morphology during circulation. These findings suggest VOCG-2
composites offer promising potential for fast and long-lasting storage of Zn?*.

2. Results

Through XRD investigations, detailed information regarding the crystal structure of
the V,03@CGL composites was obtained. Figure 1a illustrates the XRD patterns of the
V,03@CGL composites, displaying a broad diffraction peak at approximately 26 = 24.5°,
which is consistent with the (002) plane of amorphous carbon [25]. The peak intensity
of this diffraction peak diminishes with the reduction of carbon in the composites. No
additional noteworthy residual phases were detected, implying that there is no noticeable
impact of CGL on the crystal structure of V,0Os3. In addition, the diffraction peaks centered
at 65.2°, 53.9°, 41.3°, 36.3°, 33.0°, and 24.3°, correspond to the (300), (116), (113), (110),
(104), and (012) diffraction planes, respectively, of the rhombic crystalline phase of V,03
(PDF#84-0316), evidencing the successful synthesis of the V,03 phase.

Figure 1b reveals a typical FI-IR spectrum of the V,03@CGL composites. The peaks
situated at 2853 and 2922 cm~! denote the presence of residual C-H groups [26]. The peak
observed at 2367 cm ™! corresponds to an asymmetric stretching vibration of C-O, which
is attributed to CO, adsorption on KBr and is negligible [27]. The H-O bending vibration
and H-O stretching vibration can be identified at 1625 and 3423 cm 1, respectively, which
may be because of certain water molecules adsorbed on the surface and embedded in the
composite interlayers [28]. Furthermore, the peaks located at 801 and 584 cm ! are ascribed
to the symmetric and asymmetric stretching vibrations of the V-O-V bond [29-31]. The
signal at 987 cm ™! is related to the symmetric stretching of V3*=0, suggesting the presence
of V5,03 [32,33]. Based on the above analysis, the synthesized V,0;@CGL composites
consist of V,0O3 and biomass-derived carbon, which coincides with the results of the XRD.

The porosity and specific surface area of electrode materials are critical for ion diffusion.
Therefore, N, adsorption/desorption isotherm experiments were carried out. As depicted
in Figure 1c,d, the three V,03@CGL composites exhibit typical IV isotherms followed by
Hj-type hysteresis loops, suggesting that the materials include a significant number of
mesoporous pores in the samples. The average pore diameter, pore volume, and specific
surface area of the three V,O3;@CGL composites are summarized in Table 1. Among them,
the specific surface area of VOCG-3 composite is as high as 174.2683 cm? g~!, which is
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significantly larger than VOCG-1 (154.9935 cm? g~ ') and VOCG-2 (164.5602 cm? g~ 1),
suggesting that with a higher content of V,03, the specific surface area will increase.
Additionally, the pore sizes of the three V,O3@CGL composites range from 2 to 43 nm (see
Figure 2d). The abundant mesoporous structure and large specific surface area facilitate
rapid storage of Zn?*. Furthermore, a suitable pore size distribution promotes ion diffusion,
thereby enhancing the magnification performance of V,O3@CGL composites [34].
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Figure 1. (a) XRD patterns; (b) FT-IR spectrum; (c) N, absorption/desorption isotherms; and (d) pore
size distribution of the V,03@CGL composites. Inset images show the (012) and (002) diffraction
planes of the V,03@CGL composites.

Table 1. Pore volume, specific surface area, and average pore size of the V,0O3@CGL composites.

Specific Surface Area

Sample Pore Volume (cm® g—1) m2g 1) Average Pore Size (A)
VOCG-1 0.1424 154.9935 3.6760
VOCG-2 0.1647 164.5602 4.0040
VOCG-3 0.1589 174.2683 3.6465
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Figure 2. TGA curves of (a) VOCG-1, (b) VOCG-2, and (c) VOCG-3 composites.

To ascertain the weight percentage of every ingredient in the V,03@CGL composites,
a TGA test was carried out at 25-800 °C in nitrogen, as illustrated in Figure 2. The three
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TGA curves exhibit three distinct weightlessness stages. The first two stages occur at room
temperature to about 136 °C and 400 °C, respectively, which are associated with the release
of structural water and adsorbed water in the V,03@CGL composites. The mass loss
in the first two stages of VOCG-1, VOCG-2, and VOCG-3 was 6.96%, 7.31%, and 7.28%,
respectively. The third stage of weightlessness occurs at about 400-580 °C, which is related
to the combustion of CGL in the V,03@CGL composites. The weightlessness in the third
stage for VOCG-1, VOCG-2, and VOCG-3 composites was 18.68%, 16.18%, and 14.5%,
respectively. According to the data obtained from the TGA, the mass content of CGL and
V5,03 in VOCG-1, VOCG-2, and VOCG-3 was 18.68% and 74.36%, 16.18% and 76.51%, and
14.5% and 78.22%, respectively.

The surface elemental composition, electronic states, and bonding states of the
V,03@CGL composites were studied by means of XPS spectroscopy. As depicted in
Figure 3a, V, O, and C elements were detected in the XPS measurement spectra. The
bonding state of V, C, and O was further evaluated by the V 2p, C 1s, and O 1s peaks. As
displayed in Figure 3b, the peaks are located at 288.58, 285.76, and 284.77 eV, respectively,
matching the O=C-O~, C-O, and C-C bonds of C 1s, which are derived from CGL [35-37].
Figure 3¢ exhibits three contributions from the fitted O 1s peaks, with binding energies of
533.06, 531.6, and 530.33 eV, attributed to the O=C-O~, C-OH, and V-O bonds [22,38,39],
respectively. The V 2p peak of the V,03@CGL composites (Figure 3d) is decomposed
into two peaks at 523.78 and 516.8 eV, corresponding to V 2p;,, and V 2p3 », proving the
presence of V,03 [40—42].
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Figure 3. (a) XPS survey spectra; at high-resolution: (b) C 1s, (¢) O 1s, and (d) V 2p XPS spectra of the
V,03@CGL composites.

Figure 4 illustrates the SEM pictures of the V,03@CGL composites. The CGL in the
V,03@CGL composites reveals an irregular three-dimensional porous structure with diam-
eters ranging from 30 to 300 um. V,Os3 is observed to be encapsulated on the surface of the
CGL or entering its pores. The surface of VOCG-1 composite is relatively smooth, with the
exposed Ganoderma lucidum biomass-derived carbon visible, while the surfaces of VOCG-
2 and VOCG-3 composites are relatively rough. Notably, VOCG-3 is completely covered
by V,03, with the bare Ganoderma lucidum biomass-derived carbon barely discernible.
This indicates that VOCG-1 composite contains the least amount of V,03, while VOCG-3
composite contains the greatest amount of V,03. Furthermore, CGL can provide a carbon
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skeleton for V,03, effectively overcoming the adverse effects of V,O3 aggregation and
volume expansion during charging and discharging, thus enhancing the zinc storage perfor-
mance [43]. Moreover, the elemental mapping of the V,O3@CGL composites is presented
in Figure 5, which reveals that the C, O, and V elements are homogeneously dispersed in
the VoO3@CGL composites. This, together with the XRD and XPS data presented above,
provides evidence that the synthesis of the V,0;@CGL composites was successful. It is
notable that a comparison of the brightness of the elemental maps of the three composites
reveals that the VOCG-1 composite has the highest concentration of carbon and the lowest
concentration of vanadium, while the VOCG-3 composite has the lowest concentration
of carbon and the highest concentration of vanadium. This indicates that the VOCG-1
composite has the lowest vanadium pentoxide content, while the VOCG-3 composite has
the highest V,0O3 content.

Figure 4. SEM pictures of (a-c¢) VOCG-1, (d-f) VOCG-2, and (g-i) VOCG-3 composites.

The HRTEM map and the corresponding selected area electron diffraction (SAED)
diagram of the V,03@CGL composites are presented in Figure 6. The majority of the
lattice fringes of the V,03@CGL composites are more pronounced. The corresponding
crystallographic spacing is approximately 2.18 A, which is consistent with the (113) crys-
tallographic plane of V,0s3, thereby confirming the presence of V,03 in the V,0;@CGL
composites. Furthermore, the SAED diagram of the V,O03@CGL composites is presented in
Figure 6b. The presence of significant diffraction rings at the (012), (104), (110), and (113)
facets of V,0O3 was observed, which was in accordance with the XRD results. This once
again demonstrates that V,0O3 exhibits excellent crystallinity.
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Figure 6. (a) HRTEM map and (b) SAED diagram of the V,O3@CGL composites.

3. Discussion

GCD measurements were performed on the V,03@CGL composite electrodes within
the range 0.2-1.8 V at 0.05 A g~ !. The resulting GCD profiles for the first five turns are
presented in Figure 7a—c. The two pairs of redox voltage plateaus observed at 0.58/0.88
and 0.98/1.21 V on both the charge and discharge curves correspond to the CV curves
below. The initial discharge specific capacity of the VOCG-2 composite electrode can be
observed to reach 407.88 mAh g~!, which is considerably greater than that of VOCG-
1 (307.64 mAh g~1) and VOCG-3 (357.43 mAh g~!). Although only V,0; provides the
specific capacity in the composites, a high proportion of V,0O3 does not necessarily exhibit
the highest specific capacity. This is due to the poor structural stability and intrinsic lack of
electrical conductivity of V,O3. Therefore, the discharge specific capacity of V,03 can be
effectively optimized by the addition of an appropriate amount of CGL.

Figure 7d illustrates the rate capability of the V,03@CGL composite electrodes at
varying current densities. The current density is incrementally raised from 0.05 C to 3 C
and subsequently decreased to 0.05 C (specific multiplicity values are listed in Figure 7d).
The discharge specific capacity exhibited a gradual decline as the current density increased.
The average discharge specific capacities of VOCG-2 were 344.48, 316.61, 302.85, 290.84,
279.03, and 272.00 mAh g1, respectively, which were significantly higher than those of
VOCG-1 and VOCG-2. This indicates that VOCG-2 is superior in multiplicity performance.
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Upon the return of the current density to 0.05 C, the discharge specific capacity of VOCG-2
also recovered to 356.23 mAh g_l, which was 91.21% of the initial value. In contrast, the
discharge specific capacity of VOCG-1 was only 81.33% (235.17 mAh g 1) and that of VOCG-
3 was 86.55% (293.50 mAh g~!) of the initial value. The VOCG-1 and VOCG-2 electrodes
exhibited a capacity of only 81.33% (235.17 mAh g_l) and 86.55% (293.50 mAh g_l) of the
initial value, respectively. The aforementioned outcomes demonstrate that the VOCG-2
electrode exhibits excellent reversibility. Moreover, the crystal structure of the VOCG-2
electrode exhibits enhanced stability. The exceptional multiplicity performance of VOCG-2
may be attributed to the incorporation of CGL, which enhances the structural stability and
conductivity of the electrode, facilitating the rapid (de)intercalation of carriers.
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Figure 7. GCD profiles of (a) VOCG-1, (b) VOCG-2, and (c) VOCG-3 composites in the original five
cycles; (d) rate; (e) cycling properties; and (f) capacity retention after 1000 cycles at 3 A g~ ! (blue),
capacity retention after rate cycling to 3 A g~ (yellow) and rate cycling back to 0.05 A g~ (red) of
the three samples.

Figure 7e illustrates the cycling properties of the three V,0O3@CGL composites at
3 A g~!. The capacities of all three composite electrodes exhibited a gradual increase over
the initial 60 cycles, in agreement with vanadium-based materials reported in the literature,
and may be related to the gradual electrochemical activation. The first discharge specific
capacity of the VOCG-2 composite electrode was 222.41 mAh g~!, which was considerably
superior to that of the VOCG-1 (158.32 mAh g~!) and VOCG-3 (192.55 mAh g~!) compos-
ite electrodes. After 56 cycles, the specific capacity of the VOCG-2 electrode reached a
maximum of 236.71 mAh g~!. However, the maximum discharge specific capacities of
the VOCG-1 and VOCG-3 composite electrodes were only 171.69 and 207.68 mAh g~!,
respectively, after 53 and 58 cycles, which were significantly lower than that of the VOCG-2
electrode. Moreover, the reversible specific capacity of the VOCG-2 electrode was obtained
at 208.38 mAh g~ ! after 1000 cycles, with a capacity retention of 93.69%. In contrast,
the specific capacities of the VOCG-1 and VOCG-3 electrodes were somewhat lower, at
143.51 mAh g~! and 178.46 mAh g1, respectively. Moreover, the capacity retentions were
not as good as those of VOCG-2, at 90.65% and 92.67%, respectively. Consequently, the
VOCG-2 electrode exhibits superior cycling stability. The exceptional electrochemical
property of the VOCG-2 electrode is attributed to the CGL, which not only improves the
electrode’s conductivity but also provides a well-developed pore structure that facilitates
the diffusion of ions, thereby ensuring an optimal ion diffusion rate.

74



Molecules 2024, 29, 3688

The CV curves were utilized to evaluate the electrochemical process kinetics of the
V,03@CGL electrode within the range 0.2-1.8 V, as depicted in Figure 8a. The three CV
curves possess similar shapes, with two pairs of distinct coupled REDOX peaks placed
at about 0.58/0.88 V and 0.98/1.21 V, respectively, indicating that the insertion of Zn?* in
the V,03@CGL electrode undergoes a two-step reversible reaction, akin to the previously
reported vanadium-based cathodes [6,16,34]. It has been reported that the area and current
depicted in the CV curve are closely linked to the obtained capacity [44]. It is easily
observed that the area of the VOCG-2 electrode is the largest, while the VOCG-1 electrode
has the smallest area. Consequently, the VOCG-2 electrode has the largest specific capacity
among them, while the VOCG-1 capacity is relatively lower.
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Figure 8. (a) CV curves of VOCG-1, VOCG-2, and VOCG-3 composites before and after cycling;
(b) EIS spectra of the V,03@CGL composite cathodes before and after cycling; and (c¢) GITT curve

and corresponding Dz,%* values for the VOCG-2 composite cathode.

To further evaluate the charge transfer state of the V,O3@CGL composite electrodes,
EIS measurements were carried out, and the corresponding Nyquist and EIS plots are
depicted in Figure 8b. The three EIS curves exhibit a semicircle at medium-high frequencies
and a straight line at low frequencies. The semicircle reflects charge transfer resistance
(Ret), while the straight line is related to the ion diffusion process (Rs) within the elec-
trode [45,46]. The equivalent circuit presented in Figure 8b was utilized for fitting, and the
detailed fitting data are summarized in Table 2. Notably, the Rt values of the VOCG-2
composite electrode pre- and post-cycling were significantly lower than those of VOCG-1
and VOCG-3, indicating the superior electrical conductivity of the VOCG-2 electrode.
Furthermore, the Rt values for all three V,03@CGL electrodes after cycling are notably
smaller compared to those before cycling, suggesting improved charge transfer kinetics
following multiple cycles.

Table 2. Electrochemical impedance spectra of the three V,0;@CGL composites before and after

cycling.
Sample VOCG-2 VOCG-3
Ret (before cycling) 129.8 ) 141 O
Rt (after cycling) 40.92 Q) 55.29 O)
Rs (before cycling) 2.56 Q) 3.730
Rs (after cycling) 3.720 448 O

To accurately investigate the diffusion kinetics of Zn?* (Dz,?*) in the VOCG-2 com-
posite electrode, GITT measurements were performed, and Dz,?" was calculated using
Formula (1):

)

where AE; is the change in voltage during the continuous current pulse after the ir drop
has been removed and AE; is the change in steady-state potential owing to the current
pulse. The electrode thickness is denoted as L, while the relaxation time is represented by .
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The GITT profile and the calculated Dy, 2* values of the VOCG-2 composite electrode are
depicted in Figure 8c. It can be observed that the Dz,>" values of the VOCG-2 composite
electrode are in the range of 1071%° and 10~ cm? s~! during cycling, which is a relatively
good level. This indicates that Zn?* has satisfactory diffusion kinetics in the VOCG-2
electrode, which is mainly associated with the natural porous structure of CGL, which can
shorten the diffusion path for Zn?* transport and promote its effective transport.

The morphological evolution of the VOCG-2 composite electrode in the pristine state
and at different stages was investigated by SEM, as revealed in Figure 9a—f, respectively.
The nanoparticles were evenly arranged on the stainless steel foil without agglomerating
in their pristine state. After 200 and 400 cycles, the VOCG-2 composite electrode presented
little morphological change, suggesting excellent structural stability during cycling. After
600 cycles, slight pulverization and agglomeration appeared on the surface of the VOCG-2
electrode. As charging and discharging continued, the pulverization and agglomeration
were more pronounced (see Figure 9e,f), corresponding to the decrease in capacity in
Figure 8e. Notably, no cracks or obvious dendrites appeared from the initial state to
1000 cycles (see Figure 9a—f), disclosing the protective mechanism of the array structure of
the CGL. Therefore, the resulting VOCG-2 composite has good structural stability, which is
advantageous for enhancing the cycle lifetime of AZIBs.

Figure 9. SEM photographs of the VOCG-2 composite electrodes at various stages: (a) pristine,
(b) 200, (c) 400, (d) 600, (e) 800, and (f) 1000 cycles.

Table 3 summarizes the electrochemical properties of several previously reported
vanadium-based cathodes utilized for AZIB applications. The results reveal that the
VOCG-2 composite proposed in this paper has certain advantages, and the desirable
electrochemical properties of the VOCG-2 composite electrode can be correlated with the
appropriate CGL content to increase the structural stability and electrical conductivity.
Furthermore, the plentifully mesoporous structure and large specific surface area of CGL
can facilitate the rapid storage of Zn>*.
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Table 3. Comparison of the electrochemical properties of the V,03@CGL composite with other
vanadium-based AZIB cathode materials that have been previously reported in the literature.

Capacity . 1 Specific Capacity
Sample Cycle Number Retention Current Density (A g—1) (mAhg 1) Ref.
VOCG-2 1000 93.69% 3 208.38 This work
V,03@carbonized Dictyophora 1000 89.24% 1 151.9 [47]
V,03/carbonized chestnut needle 1000 94.26% 3 213.66 [48]
V,20; 100 76.9% 0.1 161 [34]
Polyaniline-intercalated o
VNGO 100 57% 0.1 196 [7]
Mnyg 3 V30,@1.40H,0 500 54% 1 164 [49]
(NH,)xV,05@nH,0 50 63% 0.1 235 [50]
V,0,@V,CTy 200 81.6% 1 87.3 [51]
V,03@carbon nanofibers 1000 80% 0.2 120 [39]
VO13@hollow carbon microspheres 1000 76% 1 162.1 [52]
Carbon-coated NaVPO4F 400 94.5% 0.1 87.4 [53]
V,O3@amorphous carbon 1600 90.7% 1 116 [6]
V,0;@rGO 1000 114% 5 195 [54]
VO; hollow nanospheres 860 47.6% 1 143 [15]
8-Nay V205 /VO,(B) 200 94% 4 253 [55]
FeVO,4-nH,0@rGO 1000 43.8% 1 92 [12]
Values are estimated from the graphs.
4. Experimental Section
4.1. Preparation of V,03@CGL Composites
The Ganoderma lucidum was repeatedly cleaned with distilled water to remove soil,
and placed in a drying oven at 60 °C until it was completely dry. The dried Ganoderma
lucidum and KOH were mixed according to the mass ratio of 1:4 with deionized water
as the ultrasonic solvent for two hours. It was then transferred to a blast drying oven
maintained at 80 °C for the purpose of complete drying, followed by calcination at 600 °C
for 2 h in argon to acquire Ganoderma lucidum biomass-derived carbon (CGL).
The detailed synthesis procedure for the V,03@CGL composites is displayed in
Figure 10. Firstly, 5.05 g CH4NO; and 7.4 g NH4VO3 were dissolved in 100 mL of distilled
water, followed by stirring in a water bath at 60 °C for 0.5 h. Subsequently, 40 mL of
CyHgO, solution and 0.3 g of CGL were mixed into the above solution, sealed, and left for a
week. In order to completely evaporate the water, the mixture was dried in an oven at 80 °C
for 48 h. The final stage of the process involved the transfer of the resulting precursors to a
corundum crucible and their placement in a tubular furnace. Subsequently, the furnace
was heated to 350 °C for 4 h and then heated to 800 °C for 8 h at a rate of 5 °C min~!
in an argon environment. This procedure yielded the desired VOCG-3 composite. The
mass ratio of NH4 VO3 to chestnut needle was adjusted in order to prepare the VOCG-1
and VOCG-2 composites by the same method. Table 4 illustrates the quality of the raw
materials produced for each sample.
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Figure 10. The preparation process of the Vo,O3@CGL composites.
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Table 4. Summary of the dosage of raw materials synthesized from each sample.

Sample CGL NH4VO3 CH4N02 C2H602 Hzo

VOCG-1 03g 504 ¢ 343 ¢g 40 mL 100 mL
VOCG-2 03g 624 g 426¢g 40 mL 100 mL
VOCG-3 03g 740 ¢ 5.05¢g 40 mL 100 mL

4.2. Material Characterization

Detailed information on XRD, TGA, XPS, SEM, HRTEM, and FT-IR testing can be
found in our previous paper: 10.3390/molecules28052147 [47]. The isothermal nitrogen
adsorption/desorption test was conducted on the samples using an ASAP 2020 tester from
Micromeritics, Norcross, GA, USA, maintained at 77 K beneath liquid nitrogen.

4.3. Electrochemical Measurements

In order to prepare the cathode, PVDEF (10 w.t.%), acetylene black (20 w.t.%) and
active material (70 w.t.%) were successively dispersed in N-methyl-2-pyrrolidone. The
resulting mixed slurry was evenly coated on stainless steel foil and dried in a vacuum at
60 °C for 12 h. A CR2025 coin battery was assembled in air with glass fiber adopted as
the diaphragm, 3 M ZnSO,4 aqueous solution employed as the electrolyte, and commercial
zinc foil utilized as the anode. For detailed information on partial electrochemical testing,
please refer to our previous paper [47]. The galvanostatic intermittence titration technique
(GITT) was carried out using the NETWARE test instrument within the range 0.2-1.8 V.

5. Conclusions

In this study, the V,0;@CGL composites were prepared using evaporation self-
assembly technology with Ganoderma lucidum as the carbon source and NH4VO; as
the metal source. In these V,O3@CGL composites, CGL exhibits a porous structure and
V,0;3 provides large capacity, which can increase the electrolytic/cathodic contact area
and provide incremental active sites. Moreover, the introduction of CGL increases the
mechanical properties, while also making up for V,03’s inadequate electrical conductivity.
Thus, the V,O3@CGL composites possess the ideal electrochemical properties. Specifi-
cally, the VOCG-2 composite demonstrated superior initial discharge specific capacity and
excellent cycle stability. Furthermore, SEM testing revealed that the VOCG-2 electrode
microstructure remained stable without obvious cracks or zinc dendrites during cycling,
which contributes to its excellent zinc storage properties. This research introduces an
innovative strategy for the enhancement of the electrochemical properties of V,03 and
these results will assist in creating affordable high-performance vanadium-based AZIBs.
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Abstract: Electrolyte additive engineering is a crucial method for enhancing the performance of
aqueous zinc—ion batteries (AZIBs). Recently, most research predominantly focuses on the role of
functional groups in regulating electrolytes, often overlooking the impact of molecule stereoscopic
configuration. Herein, two isomeric sugar alcohols, mannitol and sorbitol, are employed as electrolyte
additives to investigate the impact of the stereoscopic configuration of additives on the ZnSOy
electrolyte. Experimental analysis and theoretical calculations reveal that the primary factor for
improving Zn anode performance is the regulation of the solvation sheath by these additives. Among
the isomers, mannitol exhibits stronger binding energies with Zn?* ions and water molecules due to
its more suitable stereoscopic configuration. These enhanced bindings allow mannitol to coordinate
with Zn?*, contributing to solvation structure formation and reducing the active H,O molecules in
the bulk electrolyte, resulting in suppressed parasitic reactions and inhibited dendritic growth. As a
result, the zinc electrodes in mannitol—modified electrolyte exhibit excellent cycling stability of 1600 h
at 1 mA cm~2 and 900 h at 10 mA cm 2, respectively. Hence, this study provides novel insights into
the importance of suitable stereoscopic molecule configurations in the design of electrolyte additives
for highly reversible and high—rate Zn anodes.

Keywords: Zn anode; electrolyte additive; stereoscopic configuration; dendrite growth; side reactions

1. Introduction

In contrast to traditional lithium—ion batteries utilizing organic electrolytes, recharge-
able aqueous zinc—ion batteries (AZIBs) are being increasingly recognized as a promising
replacement for energy storage devices by virtue of their cost effectiveness, reliable security,
eco—friendliness, and potentially high power density of zinc metal [1-8]. Nevertheless,
the practical application of AZIBs faces significant challenges due to the poor reversibility
of the zinc anode during the charge/discharge process in the aqueous electrolyte [9-12].
The coordinated water within the solvation shell of the Zn?* ion and the active H,O in the
aqueous electrolyte trigger severe parasitic reactions on the zinc metal surface, including
corrosion and generation of H, gas, thereby producing the by—products and exacerbating
the inhomogeneous deposition of Zn?* [13-16]. As such, this inevitably leads to a decline
in the plating/stripping Coulombic efficiency (CE) and eventually to short circuits, cell
bulging, and explosion [17].
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Various approaches have been employed to address the mentioned shortcomings
of AZIBs, including the manufacture of alloy anode, fabrication of coating layer, design
of three—dimensional host, development of innovative electrolyte, and electrolyte mod-
ification [18-26]. In particular, modifying the electrolyte stands out as one of the most
expedient solutions to advance the commercial viability of AZIBs, owing to its excellent
simplicity, reproducibility, and versatility. Current research is primarily focused on the
development of electrolyte additives that are based on the regulation of Zn?*—solvation
structure and the modification of the interface between the aqueous electrolyte and Zn
anode, such as salts, polymers, nanoparticles, and organic molecules [27-32]. For instance,
Feng et al. demonstrated that the introduction of DMSO molecule into ZnSO; electrolyte
reduces side reactions in the Zn?*—solvation structure caused by H,O molecules, opti-
mizes Zn?* nucleation by texturing the (002) plane, and facilitates fine—grained deposition
to enhance resistance to side reactions and dendrite formation [33]. Additionally, Guo
et al. introduced dopamine as an electrolyte additive, which can adhere to the Zn anode
surface to form a protective layer, thereby enhancing the cycling stability of Zn anode
to 1000 h under 1 mA cm~2 and 1 mAh cm~2 [34]. Moreover, Hu et al. proposed an
innovative xylitol additive that inhibits the hydrogen evolution reaction (HER), expels
active HyO molecules, accelerates cations migration, and weakens electrostatic interaction
through oriented restructuring of hydrogen bonds. The Zn/Zn symmetrical cell utilizing
the xylitol—modified electrolyte retained reversible plating/stripping for over 1100 h at
1 mA cm~2 and 1 mAh em ™2 [35]. Furthermore, Wang et al. utilized ethylene glycol to
tune Zn?* coordination environment, thus suppressing detrimental dendrite growth on Zn
anode and extending the cycling lifespan to 2668 h at 0.5 mA cm 2 and 0.5 mAh cm~2 [36].

Although the above—mentioned additives significantly extend the electrochemical
performance of zinc electrodes by the regulation of the coordination environment of Zn?*
or the modification of the electrolyte—electrode interface, the cycling stability of AZIBs
deteriorates sharply under severe test conditions (>2 mA cm~2, >2 mAh cm™~2), making
them impractical for real—world applications [37,38]. Hence, it is crucial to design efficient
additives that address the existing obstacles of AZIBs and satisfy practical needs, espe-
cially under harsh test conditions. Furthermore, while the existing research predominantly
focuses on the impact of the polar functional groups in these additives, the impact of
the molecule stereoscopic configuration of additives is often overlooked. Isomers, com-
pounds with identical molecule formulas and functional groups but different stereoscopic
configurations, possess distinct chemical and physical properties, likely influencing their
effectiveness as electrolyte additives. Despite this, investigations into the role of stereo-
scopic configurations on additive performance remain limited, highlighting a significant
obstacle in designing efficient electrolyte additives for AZIBs.

Herein, a pair of isomers, mannitol and sorbitol, were incorporated as additives into
the aqueous ZnSOy electrolyte to investigate the impact of the stereoscopic configuration
of additive molecules on the performance of AZIBs. Mannitol and sorbitol, despite sharing
a similar structure as sugar alcohols with six hydroxyl groups, possess distinct spatial
configurations due to the chirality of a carbon atom within the molecules. Experimental
analyses and theoretical computations revealed that sugar alcohol molecules displace the
coordinated HyO molecules within the Zn?*—solvation structure, thus restraining the par-
asitic reactions caused by H,O on the Zn electrode surface. In addition, the strong binding
energy between H,O and sugar alcohol leads to a reduction in free water surrounding the
solvation shell, thereby effectively mitigating spontaneous parasitic reactions and suppress-
ing dendritic growth. The research findings also indicate that the stereoscopic configuration
of mannitol is more suitable for the ZnSOj electrolyte, resulting in Zn/Zn cells exhibiting
stable cycling performance for more than 1600 h at 1 mAh cm ™2 (1 mAh cm~2) and over
900 h even under the harsh condition of 10 mA cm~2 (10 mAh cm~2). Therefore, this study
suggests a new direction in the design of electrolyte additives, highlighting the critical role
of the stereoscopic configuration of additive molecules in regulating the solvation structure
of electrolytes.

83



Molecules 2024, 29, 3416

2. Results and Discussions
2.1. Electrolytes” Characterization

Mannitol and sorbitol, which are isomers of each other, possess six hydroxyl groups
that have a strong affinity with charged metal ions, and the stereoscopic configurations of
these molecules are shown in Figure S1 [35]. To determine the optimal concentration of
sugar alcohol as an electrolyte additive, the cyclic performances of symmetrical Zn/Zn
cells with different concentrations of mannitol were measured, as illustrated in Figure S2.
Among the tested concentrations, the Zn/Zn cell using a 2 M ZnSOj, electrolyte with
20 mM mannitol exhibited the longest cycling lifespan. Therefore, in order to examine
the influence of the stereoscopic configuration of sugar alcohols on the ZnSO; electrolyte,
20 mM mannitol and sorbitol were individually dissolved in 2 M ZnSO, aqueous electrolyte
(Figure S3) and denoted as ZnSO4@M and ZnSO,@S.

Fourier transform infrared spectrometer (FI—IR)was conducted to practically inves-
tigate the regulation of the solvation structure of Zn?* by sugar alcohol additives [39].
Figure 1a,b show that the H—O bending vibration shifts towards higher wavenumbers
and the H—O stretching vibration shifts towards lower wavenumbers in the ZnSO,@M
and ZnSO4@S electrolytes. This indicated that the addition of sugar alcohols led to the
displacement of H,O molecules from the Zn**—solvation sheath into the bulk solution
phase, augmenting the number of hydrogen bonds [36]. This displacement mechanism
suggests that sugar alcohols can coordinate with Zn?* and modify the coordination envi-
ronment in the ZnSOy electrolyte [40]. Additionally, the stretching vibration of SO4%~ in the
electrolyte shifted upon the introduction of sugar alcohols, indicating a loosened constraint
around SO4%~ and highlighting the reconstruction of the Zn?*—solvation structure due to
the additives [41].
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Figure 1. FT—IR spectra of the (a) H—O blending vibration, (b) H—O stretching vibration, and
(c) SO42~ stretching vibration of ZnSOy electrolytes with/without additive. (d) Raman spectra (H—O
stretching) of the different electrolytes. (e) The percentages of strong, medium, and weak H—bonds
in the different electrolytes. (f) Ionic conductivities of the different electrolytes.
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The electrolyte modification is further determined by the Raman spectroscopy anal-
ysis [42]. The Raman spectra of ZnSO,@M and ZnSO4@S electrolytes (Figure S4) show a
new peak of C=C vibration (1600-1700 cm 1), which is attributed to the incorporation of
sugar alcohols. In addition, the broad peak of H—O stretching vibration (2800-3800 cm ')
was segmented into three different peaks (Figure 1d), each of which corresponds to strong,
medium, and weak H—bonds, respectively [43]. Findings from the deconvoluted peak
region in Figure le indicate that the addition of sugar alcohols, particularly mannitol, led
to a decrease in the proportions of medium and weak hydrogen bonds at higher frequency
and an increase in the percentage of strong H—bonds at lower frequency. Specifically,
mannitol and sorbitol additives were found to strengthen hydrogen bonding interactions,
leading to enhanced water cluster stability and reduced active H,O content in the ZnSO4
electrolyte [44,45]. Furthermore, the slight differences in the changes to hydrogen bonds
induced by the two additives may be attributed to variations in their stereoscopic con-
figurations. Moreover, the enhanced ionic conductivity observed in both ZnSO,@M and
ZnSO4@S electrolytes (Figure 1f) implied that the modified coordination environment in
the presence of additives contributed to a reduction in water activity [31]. Furthermore,
Figure S5 illustrates that the cyclic voltammogram (CV) curves of Zn/Zn cell with ZnSO,@M
electrolyte in multiple cycles aligned well, indicating the excellent electrochemical stability
of mannitol additive [46].

2.2. Theoretical Calculation

To further verify the effect of stereoscopic configuration on the coordination abil-
ity of the additive molecules, the binding energies of the Zn**—H,0 pair (—4.6 eV),
Zn**—mannitol pair (—6.36 eV), and Zn**—sorbitol pair (—5.73 eV) were calculated
using density functional theory (DFT), as illustrated in Figure 2a. The stronger inter-
action observed between the cationic Zn?* and hydroxyl group from the sugar alcohol
molecule suggests that the sugar alcohol preferentially participates in the formation of the
Zn**—solvation structure, which is also supported by the above FT—IR spectra [33].
In addition, Figure 2a also presents the binding energies of the mannitol—H,O pair,
sorbitol—H;O pair, and HyO—H,O pair, where the mannitol—H;O and sorbitol—H,O
pairs exhibit higher binding energies, particularly the mannitol—H,O pair. These DFT
results indicate a tendency for the reconstruction of the water hydrogen bond network in
the ZnSOy electrolyte, wherein more free HyO molecules bind with sugar alcohol molecules,
as supported by the consistent Raman spectra. Therefore, it can be speculated that the
addition of sugar alcohol additive regulates the solvation structure of Zn?* and restruc-
tures the H—bond composition in the electrolyte. Furthermore, the greater binding affin-
ity of mannitol towards Zn ions and water molecules, compared to sorbitol, suggests
that its steric configuration is more effective in influencing the solvation structure of the
ZnSOy electrolyte.

_________________________________________________________________________________________________
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Figure 2. (a) The binding energy comparison of various pairs. ESP mapping of the (b) Zn**-5H,0-
50,42~ and (c) mannitol—Zn2*—4H,0—S042~ solvation structures.
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Notably, Figure 2b,c exhibits that the electrostatic potential of the coordination complex
increases when a water molecule is replaced by a sugar alcohol molecule, which results in
a more uneven distribution. This uneven distribution helps alleviate electrostatic potential
in the vicinity of Zn?* and promotes the rapid transport of Zn?*. Specifically, sites with
higher positive electrostatic potential are more appealing to negative sites, thereby favoring
the directional reconstruction of H—bonds associated with the mannitol molecule [35].
Additionally, the theoretical geometric parameters of solvation structures are provided in
Table S1 and Figure S6 to further elucidate the impact of mannitol additive on the solvation
structure of Zn?*. Results show that the addition of mannitol causes a decrease in the
average bond length of Zn?>*—H,0 and Zn?**—S04%~ bond length, indicating that another
part of the structure, apart from the mannitol molecule, becomes more compact, possibly
hindering water molecules from participating in the solvation structure. This change in
bond lengths also suggested that the symmetry of the entire structure weakens upon the
addition of mannitol, making it more stable in an aqueous solution [47,48].

2.3. Cycling Performance

The Zn/Zn symmetrical cells were fabricated to determine the influences of the stereo-
scopic configuration of sugar alcohol additive on the cyclic stability of the zinc electrode.
Figure 3a presents that the Zn/Zn cell with the bare ZnSOy electrolyte failed rapidly at
1 mA cm~2 and 1 mAh cm~2. In contrast, the Zn/Zn cells performed better cyclic perfor-
mances when mannitol or sorbitol was added, especially the one with ZnSO,@M electrolyte
cycled more than 1600 h. Additionally, the ZnSOs@M—containing cell displayed outstand-
ing cycling stability for 900 h at the high test condition of 10 mA cm~2 (10 mAh cm~2),
outperforming the cells with bare ZnSO, and ZnSO4@S electrolytes, which cycled for about
85 h and 500 h, respectively (Figure 3b). The different degrees of improvement in the
cyclic stability of the Zn anodes show that the stereoscopic configuration of the additive
molecule has a significant effect on the cyclic stability of the Zn anode. The comparative
data in Figure 3c and Tables S2 and S3 demonstrate that the zinc anode shows superior
cycling stability and lower polarization voltage in the ZnSO4@M electrolyte, compared
to the previously optimized electrolytes in other studies [11,12,34,35,40,43,49-51]. The
results of electrochemical impedance spectroscopy (EIS) (Figure S7 and Figure 3d) further
revealed much smaller charge—transfer resistances of the Zn/Zn symmetric cells with
sugar alcohols. This indicated that the sugar alcohol additives accelerate electron transport,
which helps homogenize the Zn?* distribution in the Zn deposition process [51].

Since CE is a crucial factor in achieving the commercialization of AZIBs, the CEs of
the Zn/Cu asymmetric cells utilizing bare ZnSO,, ZnSO,@M, and ZnSO4@S electrolytes
were measured and are shown in Figure 3e [52]. The cells with bare ZnSO4 and ZnSO,4@S
failed after 108 cycles (average CE of 98.68%) and 114 cycles (average CE of 98.99%) at
0.5 mA cm 2 and 1 mAh cm 2, respectively. Remarkably, the Zn/Cu cell employing
the ZnSO,@M electrolyte outperformed all others with an outstanding average CE of
99.66% sustained over 400 cycles. The voltage profiles in the ZnSOj electrolytes with-
out/with sugar alcohols during different cycles are compared in Figure 3f-h, where the
zinc anode in the ZnSO,@M electrolyte showed high reversibility throughout 400 cycles.
Compared to the ZnSO4@S electrolyte, the ZnSO,@M electrolyte significantly enhanced
the Zn plating/stripping behaviors, likely due to the suitable stereoscopic configuration of
the mannitol molecule, which promotes the reconstruction of the hydrated Zn?*—solvated
sheath and the inhibition of dendritic growth and side reactions [53].
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Figure 3. Cyclic performance of Zn/Zn cells with different electrolytes under (a) 1 mA cm~2 with
1 mAh ecm~2 and (b) 10 mA cm ™2 with 10 mAh cm 2. (c) Comparison of the current density, cycling
capacity, and lifetime found in this study and that of other reported Zn/Zn cells with different
additives. (d) EIS measurements of the Zn/Zn symmetrical cells before the cycling test. (e) Cyclic
stability of Zn/Cu asymmetrical cells in the different electrolytes at 0.5 mA cm~2 with 1 mAh cm 2.
(f-h) Corresponding discharge/charge profiles of Zn/Cu cells at different cycles.

2.4. Zn Deposition Behavior

To further examine the impact of sugar alcohols on the deposition evolution of Zn, the
morphologies of zinc foil substrates were compared after 50 cycles. Inhomogeneous Zn
deposition with obvious protuberances was observed on the morphology of the Zn foil
(Figure 4a) in the bare ZnSO; electrolyte. In contrast, Figure 4b,c demonstrates that the
Zn deposition on the zinc foils in sugar alcohol—modified electrolytes is more uniform,
especially in the ZnSO4@M electrolyte [54]. In addition, an in situ optical system was
performed to investigate the zinc nucleation and deposition behavior (Figure 4d and
Figure S8). Zn protrusions became visible with the increasing electrodeposition time in the
bare ZnSO; electrolyte, eventually inducing the zinc dendrite growth. In comparison, the
topography of the Zn plate in the ZnSO,@M electrolyte was always dense and uniform
during the continuous deposition, whereas the Zn50,@S electrolyte resulted in small Zn
protrusions and loose deposition [55].
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Figure 4. (a—c) Surface topography measurement of zinc foil substrates after cycling test in bare
ZnSOy, ZnSO4@M, and ZnSO4@S electrolytes. (d) In situ optical microscopy images of the zinc
electrode after 0, 15, and 30 min in bare ZnSO,4, ZnSO4@M, and ZnSO4@S electrolytes. (e) CA
measurement of Zn/Zn symmetrical cells with bare ZnSOy, ZnSO4@M, and ZnSO4@S electrolytes.
(f) The initial Zn NOPs using the Zn/Cu half cells with various electrolytes. (g) CV curves of Zn/Zn
symmetric cells with various electrolytes at 5 mV s~ 1.

The nucleation mechanism of Zn metal in ZnSOy electrolytes with/without additive
was confirmed through the chronoamperometry (CA) measurements [55,56]. Figure 4e
exhibits that the zinc electrode in the bare ZnSO, electrolyte displays a continuously
decreased tendency of exchange current density within 200 s, corresponding to a prolonged
and rampant two—dimensional (2D) diffusion behavior of zinc deposition, which causes
the nonuniform Zn accumulation and vertical growth of dendrites. On the contrary, Zn
foils in sugar alcohol—modified electrolytes displayed a constant three—dimensional (3D)
diffusion behavior after a short 2D diffusion process for 25 s, indicating that the smooth,
dense, and even Zn deposition was maintained over the 200 s duration [57]. The effect
of sugar alcohol additives on Zn deposition aligned with findings from in situ optical
photographs (Figure 4d) of Zn deposition. Moreover, the Zn nucleation process was further
explored through the nucleation overpotential (NOP) analysis of Zn/Cu asymmetrical cells,
as illustrated in Figure 4f. The initial NOPs of zinc electrodes in ZnSO4@M and ZnSO,@S
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electrolytes were found to be 39.6 mV and 28.5 mV, respectively, surpassing the NOP of
the bare ZnSO; electrolyte (19.5 mV). According to classical nucleation theory, a higher
NOP encourages the formation of smaller and denser Zn nuclei, potentially leading to
fine—grained deposits that result in a compact and uniform surface for subsequent Zn
deposition [36]. Furthermore, CV curves with the sugar alcohol additive exhibited much
stronger intensities of redox peaks (Figure 4g), indicating the enhanced electrochemical
reactivity for Zn deposition [58].

2.5. Inhibition of Side Reactions

To verify the corrosion resistance of the sugar alcohols, the Zn foils were immersed in
the bare ZnS04, ZnSO,@M, and ZnSO,@S electrolytes for 7 days. Figure 5a—c show that
the polygonal micro—flakes were distributed on the zinc foil surface in the bare ZnSO4
electrolyte, while no obvious by—products appeared on the surface of the zinc foils in
the ZnSO4@M and ZnSO4@S electrolytes. The X-ray diffraction (XRD) pattern (Figure 5d)
confirmed that the polygonal by—products observed in the bare ZnSO;, electrolyte were
Zn4SO4(OH)4-4H,0 induced by the corrosion reaction [59]. However, no undesired diffrac-
tion peaks of by—products were observed on the XRD profiles of Zn anodes in the ZnSOy
electrolytes with sugar alcohol additives, indicating the successful prevention of the corro-
sion reaction induced by H,O and SO4%~. Additionally, the corrosion currents (Figure 5e)
remarkably decreased in ZnSO4@M and ZnSO,@S electrolytes, demonstrating the more
efficient prevention of corrosion reaction by sugar alcohols [60]. Additionally, the potential
for HER of electrolytes was evaluated using the linear sweep voltammetry (LSV) mea-
surement, as illustrated in Figure 5f. The HER potential in the bare ZnSO, electrolyte
was recorded to be —112 mV at 20 mA cm 2, while it increased by 12 mV and 4 mV in
the ZnSO,@M and ZnSO4@S electrolytes, respectively. This increase suggests that sugar
alcohol additives have a more pronounced inhibitory of hydrogen evolution, leading to
higher potentials in the modified electrolytes [61].
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Figure 5. (a—c) Surface morphology images and optical photographs of zinc foils soaked in the ZnSOy
electrolytes with /without additive for one week. (d) XRD patterns of zinc electrodes in the ZnSOy
electrolytes with/without additive after cycling test. (e) Linear polarization curves in the ZnSOy
electrolytes with/without additive. (f) LSV curves in the ZnSO4 electrolytes with/without additive.
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2.6. Working Mechanism of Additive

Upon combining the experimental and theoretical results, a comprehensive under-
standing of the working mechanism of sugar alcohol additives can be attained. It is
acknowledged that Zn?* exists in the aqueous electrolyte as the [Zn(H,0)x]** solvation
structure, where the central Zn?* ions function as the Lewis acid site, hydrolyzing H,O
to H* and OH™ and inducing side reactions on the zinc anode surface in a mildly acidic
environment. Additionally, dendrite growth is another frequent phenomenon during the
repeated charge/discharge process (Figure 6). Herein, the introduction of sugar alcohol
into the electrolyte alters the electrolyte coordination environment, leading to a partial
replacement of H,O molecules in the solvation shell with sugar alcohol additives. Mean-
while, the added sugar alcohol molecules disrupt the existing hydrogen bond between
H,O molecules in the electrolyte, allowing more free HyO molecules to be captured by
sugar alcohol with hydroxyl groups, reducing the water molecules involved in interface
side reactions, lowering proton activity, and thus mitigating parasitic reactions caused
by free H,O. Furthermore, due to the regulation of the Zn?*—solvation sheath by sugar
alcohol, the Zn nucleation process requires a slightly higher overpotential, resulting in
a homogeneous nuclei distribution and even Zn deposition without dendrites. Notably,
among the two sugar alcohol additives employed in this study, mannitol, owing to its more
suitable stereoscopic configuration, is utilized as an additive for achieving a Zn anode with
superior electrochemical performance.
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Figure 6. Schematic diagram of hydrated Zn%*—solvation structure at Zn anodes in the ZnSOy
electrolytes with /without additive.

2.7. Electrochemical Properties” Characterization

To demonstrate the practical application of the sugar alcohol additives, full cells were
assembled with an NH4 V401 cathode (Figure S9) and a Zn anode [58]. Figure 7a exhibits
the CV curves for the Zn/NH4 V4O full cells. The full cell utilizing ZnSO,@M displayed
a larger area compared to that with the bare ZnSOj, electrolyte, which corresponds to the
aforementioned improved reaction kinetics [62]. The multi—cycle CV curves (Figure S10)
overlapped well, which further elucidated the electrochemical stability of mannitol as an
electrolyte additive. Additionally, as shown in Figure S11 and Figure 7b, the R reduction
in the cells using ZnSO4@M and ZnSO,@S further exemplifies the influences of sugar alco-
hols on inhibiting dendritic growth and adverse parasitic reactions on the zinc electrode.
Another critical factor affecting the performance of AZIBs is their self—discharge character-
istics, which can be assessed through the open—circuit voltage of the Zn/NH4V,01 full
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cell after charging and standing for 48 h [63]. Figure 7c reveals that the initial open—circuit
voltage (1.4 V) of the Zn/NH4 V401 cells incorporated with ZnSO4@M or ZnSO,@S decays
to 1.0087 V and 1.0072 V, respectively, while that of the bare cell drops to 1.0029 V. Moreover,
Figure 7d shows a low rate performance of the Zn/NH4V4Oqg cell cycling in the bare
ZnSQy electrolyte. This is likely due to the development of an insulating passivation layer
on the zinc metal that hinders the interfacial transportation of Zn%* [64-66]. On the other
hand, the Zn/NH4V40; cells with ZnSO,@M and ZnSO,@S demonstrated exceptional
cycling stability after 800 cycles at 5 A g~ !, surpassing the performance of the bare ZnSOy
electrolyte. Meanwhile, unlike the unstable charge/discharge platforms and enlarged
over—potential curves observed with the bare ZnSOj electrolyte, the full cells contain-
ing sugar alcohols maintained stable voltage plateaus following multiple cycles without
obvious capacity degradation, as illustrated in Figure S12. Furthermore, the morphology
image (Figure 7f) of the cycled Zn anode demonstrates the dendrite growth in the bare
ZnS0y electrolyte, while Figure 7g,h shows smooth deposition without noticeable dendrite
formation in the sugar alcohol—modified electrolytes.
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Figure 7. (a) CV curves of the Zn/NH,V401g full cells at 0.1 mV s~1. (b) Nyquist plots of
the Zn/NH4 V401 full cells after 50 cycles. (c) Time—dependent open—circuit voltages of the
Zn/NHyV4Oq full cells for self—discharge tests. (d) Rate performances of the Zn/NH;V 4O full
cells measured from 0.1 to 6 A gfl. (e) Cyclic performances of the Zn/NH,; V401 full cells at 5 A gfl.
(f-h) Surface topography measurement of Zn electrodes at the 50th cycle in the Zn/NH;V 4Oy full
cells with various electrolytes.

91



Molecules 2024, 29, 3416

To further explore the universality of sugar alcohol additives, Zn/MnO; full cells
were assembled using a MnO, cathode (Figure S13), and their lifetimes were investigated
in different electrolytes, as illustrated in Figure S14. Notably, all sugar alcohol—modified
cells exhibited superior capacity retention rates after 800 cycles compared to the bare cell,
highlighting the broad applicability of sugar alcohol additives.

3. Experimental Section
3.1. Materials

Zinc sulfate heptahydrate (ZnSO4-7H,0), ammonium metavanadate (NH4VO3), oxalic
acid (HpC04-2H,0), potassium permanganate (KMnQOy), and 1-methyl-2-pyrrolidinone
(NMP) were sourced from Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai,
China. HCl was purchased from Luoyang Haohua Chemical Reagent Co. Ltd., Luoyang,
China. Super P carbon was bought from Kluthe Chemical Industrial Co., Ltd., Shanghai,
China. Polyvinylidene fluoride (PVDF) was bought from Guangdong Zhuguang New
Energy Technology Co., Ltd., Guangdong, China. Mannitol and sorbitol were obtained
from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. All materials were used
as received.

3.2. Preparation of Cathode

A 2 M ZnSOy electrolyte was obtained by dissolving ZnSO4-7H,0 in deionized (DI)
water. Mannitol and sorbitol were, respectively, added to the prepared electrolyte to acquire
the modified electrolytes.

3.3. Preparation of the Electrolyte

The NH4 V4019 material was prepared by the traditional hydrothermal method. Firstly,
1.170 g of NH4 VO3 was added to 35 mL of DI water on a hot plate set to 80 °C and stirred
to form a yellowish solution. Next, 1.891 g of HyC,0O4-2H,0O was slowly dissolved into the
solution. Subsequently, the prepared solution was put into a 50 mL Teflon—lined stainless
steel autoclave and placed in an oven at 140 °C for 48 h. The precipitates were then filtered
and rinsed with DI water and desiccated at 60 °C for 12 h to obtain the NH4 V401 powder.

The MnO, material was also prepared by the traditional hydrothermal method. A
6 mM quantity of potassium permanganate was dissolved in 60 mL DI water and then
stirred evenly. Next, 20 mM HCl was added dropwise to the above solution, and after
mixing and stirring, it was poured into a 50 mL Teflon—lined stainless steel autoclave,
heated to 140 °C, and kept for 12 h. After the above product was naturally cooled to room
temperature, the lower precipitate was washed three times with DI water and alcohol
alternately and dried overnight in a vacuum oven to obtain the MnO, powder.

The cathodes were fabricated by mixing NH4V4019 (or MnOy), Super P carbon, and
PVDF in a weight ratio of 7:2:1, and NMP was added drop by drop. This mixture was then
coated on a stainless steel mesh and dried at 80 °C overnight. Lastly, the mesh was cut
into round sheets with a diameter of 12 mM, and the mass loading was kept to around

1.7 mg cm—2,

3.4. Characterization

The structure and chemical bond were characterized by a FI—IR spectrometer (Shi-
madzu, IRTracer—100, Tokyo, Japan). A Raman microscope (Raman, LabRAM HR Evolu-
tion, Shanghai, China) with a 532 nm excitation laser line was used to analyze the H—bond
network in the ZnSOy electrolytes. The images revealing the surface morphology of the
Zn anodes were acquired by field emission scanning electron microscopy (JSM—7800F,
JEOL, Akishima, Japan). The in situ optical images of Zn deposition were collected with
an optical microscope (DMSZ8, Ningbo, China). The structural and phase characteristics
of the samEIes were recorded by an XRD diffractometer (Bruker D8 ADVANCE, Cu—k«,
A =1.5418 A).
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3.5. Electrochemical Measurements

The symmetrical Zn/Zn cells, Zn/Cu asymmetric cells, Zn/NH4 V4019, and Zn/MnO;
full cells were assembled in CR2032 coin cells configuration by using 2 M ZnSO,4 with
or without sugar alcohol additive as the electrolyte and glass fiber as the separator. The
cycling, rate, and CE performance of the cells were measured by the Neware battery testing
system (BTS—5V20 mA, Shenzhen, China). The electrochemical impedance measurements
(EIS) of Zn/Zn symmetric cells were measured across the range of 10° Hz to 10~2 Hz
with an AC amplitude of 5 mV at room temperature on an electrochemical workstation
(CHI—660E, Shanghai, China). The specific ionic conductivity was determined using
the following equation: o = I/(R;*S), where o (mS cm 1) is the ionic conductivity, [ (cm)
is the separator’s thickness, R;, (Q0) is the bulk resistance, and S (cm?) is the separator’s
area. The LSV measurements were taken using a three—electrode system, with stainless
steel working electrodes, and Zn metal reference and counter electrodes, with a change in
voltage of 5mV s~! from 0 V to —0.4 V. The equilibrium redox voltages were obtained by
fitting Tafel plots for the Zn/Zn symmetric coin cells at 5 mV s~! across voltages between
—0.3 and 0.3 V. The CA measurements were carried out with a constant potential of 10 mV
for 200 s to determine Zn deposition behavior. The performance of the CV was conducted
at 1 mV s~ ! across the voltage range between 0.4 and 1.4 V.

3.6. Computational Details

DFT spin—polarized calculations were conducted using the DMol3 package, fol-
lowing the adoption of the generalized gradient approximation (GGA) in the Perdew—
Burke—Ernzerhof form and the Semicore Pseudopotential method (DSPP) with the double
numerical basis sets plus the polarization functional (DNP) [67-69]. To account for the
dispersion interaction, a DFT—D correction with the Grimme scheme was applied [70].
SCF convergence for each electronic energy was set as 1.0 x 10 Ha, and the geometry
optimization convergence criteria were established at 1.0 x 10° Ha for energy, 0.0001 Ha
A-1 for force, and 0.0001 A for displacement, respectively. The investigation of energy
barriers was accomplished through the linear and quadratic synchronous transit methods
combined with the conjugated gradient refinement. Furthermore, the adsorption energies
(Eqds) were computed using E s = Ezgjsuy — Eqq — Esup, where Egysp, Eqg, and Egp,, respec-
tively, denote the total energies of the optimized adsorbate/substrate system, the adsorbate
in the gas phase, and the clean substrate, respectively. The DFT had also been employed
to describe the electrostatic potential (ESP). In this study, the BBLYP—D3(BJ)/6—31G(d,p)
theoretical model has been adopted for the structural optimizations. To simulate the solva-
tion effect, the self—consistent reaction field method with the polarized continuum model
was utilized. Additionally, the ESP mapping was analyzed via the Multiwfn package 3.7
and VMD package 1.9.4 [71,72].

4. Conclusions

This study utilizes a combination of experimental analysis and theoretical calculations
to compare the effects of mannitol and sorbitol, isomers used as additives in the ZnSO4
aqueous electrolyte. Mannitol, with its advantageous stereoscopic configuration, exhibits
the strongest binding energy with Zn?* and water molecules. This characteristic enables
mannitol to coordinate efficiently with zinc ions, leading to modifications in solvation
structure, reduced reactive water content within the electrolyte, and ultimately the preven-
tion of zinc dendrite formation and undesirable side reactions. Consequently, Zn/Zn cells
incorporating mannitol show superior long—term stability, with lifetimes extending to
1600 h at 1 mA cm 2 (1 mAh cm™2) and 900 h at 10 mA cm ™2 (10 mAh cm~2). Furthermore,
the inclusion of mannitol in Zn/NH4V 4019 and Zn/MnO, full cells results in enhanced
cycling performance, better rate capability, and improved capacity retention over extended
periods. Thus, this research not only achieves a highly reversible and high—rate Zn anode,
but also presents a novel avenue for designing electrolyte additives for aqueous Zn—ion
batteries by investigating the stereoscopic configuration of additive molecules.
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cycling test; Figure S12: Voltage profiles of the Zn/NH4V,Oy full cells at 5 A g~! for different
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performance of Zn/MnO); full cells tested at the current density of 0.5A g~!; Table S1: Bond lengths
of the solvation structure of Zn?* with /without mannitol; Table S2: Comparison of this study with
other previously reported cycling performances of symmetrical cells; Table S3: Comparison of this
study with other previously reported polarization voltages of symmetrical cells at 100 h.
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Abstract: Abstract: With the continuous development of science and technology, battery storage
systems for clean energy have become crucial for global economic transformation. Among various
rechargeable batteries, lithium-ion batteries are widely used, but face issues like limited resources,
high costs, and safety concerns. In contrast, zinc-ion batteries, as a complement to lithium-ion
batteries, are drawing increasing attention. In the exploration of zinc-ion batteries, especially of
phosphate-based cathodes, the battery action mechanism has a profound impact on the battery
performance. In this paper, we first review the interaction mechanism of multi-ion, dual-ion, and
single-ion water zinc batteries. Then, the impact of the above mechanisms on battery performance
was discussed. Finally, the application prospects of the effective use of multi-ion, dual-ion, and single-
ion intercalation technology in zinc-ion batteries is reviewed, which has significance for guiding the
development of rechargeable water zinc-ion batteries in the future.

Keywords: phosphate-based polyanionic cathode; intercalation/deintercalation mechanisms; zinc-ion
batteries

1. Introduction

Energy and the environment are two major issues that must be addressed for the
survival of humanity and the development of society today [1]. The continuous depletion
of fossil fuels has made energy shortages a significant problem. Thus, there is an urgent
need to develop and utilize new types of energy sources [2]. Electrochemical energy
sources with high energy and high power have attracted people’s attention [3]. Battery
storage systems powered by clean energy are crucial for the global economic transition
related to carbon neutrality and carbon peaking [4]. Rechargeable batteries have broad
application prospects in electric vehicles, mobile devices, and renewable energy sources [5].
The future of the renewable energy integrated grid system requires low-cost, high-safety,
and long-cycle-life rechargeable batteries [6]. Among the many rechargeable batteries,
lithium-ion batteries are more widely used; however, the problems of limited lithium-ion
battery resources [7], high cost, and poor safety [8] have attracted increasing attention.
Therefore, finding a new element to supplement lithium-ion batteries has become an urgent
issue. Table 1 shows that the atomic radius of zinc is similar to that of lithium. Additionally,
zinc has excellent electrochemical properties, with a lower electrode potential and a larger
volumetric capacity, making it an attractive option for new types of batteries. Consequently,
zinc has gradually received attention. In recent years, zinc-ion batteries have gained traction
due to their abundant reserves, low cost, low toxicity, and low electrode potential [9].
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Table 1. Comparison of common battery anode elements and their electrochemical properties.

L Hledode e Volumetric

Working Ion Ionic Radii (A) Potential vs. . .
SHE (V) Capacity Capacity

(mAh-g—1) (mAh-g—1)
Li* 0.76 —3.04 3862 2066
Na* 1.02 —2.71 1166 1129
K* 1.38 —2.93 685 586
Mg? 0.72 —2.37 2205 3832
Zn?* 0.74 —0.76 820 5855
A+ 0.535 —1.66 2980 8046

Aqueous rechargeable batteries use aqueous electrolytes [10]. Compared to conven-
tional lithium-ion and lead-acid batteries, aqueous rechargeable batteries have unique
advantages [11]. The aqueous electrolytes used in these batteries have a lower risk of
combustion and higher thermal stability than organic solution electrolytes, enhancing bat-
tery safety [12]. Their high energy density allows them to store more energy and provide
longer operating times [13]. Among the many cathode materials, polyanionic materials are
categorized into silicates, phosphates, pyrophosphates, sulfates, and hybrid polyanionic
compounds based on the type of anionic groups [14]. Polyanionic compounds have the
general formula A, By(MOn) 2, where A stands for alkaline elements (Li, Na, K), B stands
for metals (Mn, Ni, Cu, Co, or Zn), and M stands for P, S, Si, Mo, W. These compounds
usually consist of BOg octahedra and MO, tetrahedra sharing oxygen atoms [15]. Com-
pared to transition metal oxides, polyanionic compounds have gained research interest due
to their multidimensional ionic diffusion channels, high structural stability during charg-
ing and discharging, and tunable intercalation/deintercalation platforms [16]. Currently,
the electrodes available in aqueous rechargeable batteries are mainly phosphate-based
polyanionic compounds [9], such as NazV,(PO4)3 [17], VOPOy4 [18], and so on, which are
composed of aqueous systems with zinc-ion batteries. Compared with other materials,
phosphate-based polyanionic cathode materials have unique advantages. For one thing,
because of the limitation of water splitting potential, most cathodes could be incompatible
with an aqueous rechargeable battery system. By introducing polyanionic groups into a
transition metal oxide framework (i.e., inductive effect), the operation potential can be
adjusted owing to the bonding strength and covalency of metal—oxygen (M-O). On the
other hand. phosphate-based polyanionic cathode materials show high stability again
moisture compared to layered oxide cathodes, which boosts the chemical stability of ma-
terials. Zinc-ion batteries have received widespread attention in recent years. Analyzing
these batteries can explore the performance of cathode materials, determine the mechanism
of zinc-ion batteries, and contribute to improving their efficiency.

Multi-ion insertion is a key feature of batteries that can enhance their performance
and application areas [19]. The joint action of multiple ions accelerates charge transfer
between the positive and negative electrodes, resulting in a higher energy density and faster
charge and discharge rates. However, multi-ion insertion also presents challenges, such
as side reactions that affect battery performance and structural changes within the battery.
Meanwhile, dual-ion insertion and single-ion insertion also have their special advantages
and disadvantages. Therefore, a comparative discussion of the insertion of these three
types of ions for can help us clarify the ion mechanism of the battery. To facilitate the
discussion, these mechanisms are classified in this paper by dividing the action mechanisms
of rechargeable zinc batteries into three categories: multi-ion insertion mechanism, dual-ion
insertion mechanism, and single-ion insertion mechanism. Under these mechanisms, we
discuss the capacity division among multiple ions, the hybrid insertion mechanism of
dual ions, and the high electrolyte concentration and H+-free action of single ions. The
main relationships are shown in Figure 1, The innermost layer of Figure 1 is a reaction
schematic of zinc-ion batteries, and the first layer of circles is the insertion mechanisms
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of zinc-ion batteries, categorized in this paper as multi-ion insertion mechanism, dual-
ion insertion mechanism, and single-ion insertion mechanism. The second layer are the
issues worth focusing on corresponding to the above insertion mechanisms, such as the
capacity division problem of multiple ions, the hybrid insertion mechanism of dual ions,
and the high electrolyte concentration and H*-free action of single ions. The outermost
layer is a summary of the main ideas, which are rechargeable zinc-ion batteries and ionic
insertion mechanisms. Ions play a crucial role in aqueous rechargeable zinc batteries,
affecting performance and cycle life. This review first summarizes the mechanisms of
different ions in these batteries. Then, the mechanisms are systematically classified and
comparatively analyzed. Finally, the effective utilization of different ions is discussed to
guide the development of water-based rechargeable zinc batteries in the future.

Figure 1. Schematic representation of multiple ion insertion mechanisms in rechargeable zinc
phosphate-based batteries.

2. Ion Insertion Mechanism of Rechargeable Zinc Batteries

As shown in Figure 2, the schematic diagrams of batteries with different cationic
interactions are presented, along with their advantages and disadvantages. Among them, as
shown in the middle row, is the schematic diagram of multi-ion insertion, dual-ion insertion,
and single-ion insertion batteries; the row above is the corresponding advantages of these
three insertion mechanisms; and the row below is their corresponding disadvantages. The
comparison of batteries with different insertion mechanisms provides theoretical support
for our discussion. In the case of multiple ions acting together, H* is present. In contrast,
with single-ion action, the active element in the cell is free of H*, with 7Zn2%* as its main
component. Due to the roles of different ions, the battery exhibits various electrochemical
properties. Common cathode materials for zinc-ion batteries and their electrochemical
properties are shown in Table 2. There is a significant difference in the performance of
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different cathode materials under the same electrolyte, and the same cathode material can
exhibit varying properties under different electrolytes. Therefore, when exploring battery
performance, it is challenging to initially determine the main conditions affecting it due to
the variety of factors at play. To facilitate discussion, ion interactions in rechargeable zinc
batteries can be categorized into three types: co-action of multiple cations, co-action of dual
cations, and the action of a single cation.

High power, high capacity
satisfactory cycle stability
long cycle life
Low cost and simple, wide-ranging
usage conditions
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Figure 2. Schematic diagram of different batteries and their advantages and disadvantages.
(a) Schematic diagram of Zn-LiFePO,4 aqueous rechargeable battery; (b) schematic diagram of Zn-
Na3V;,(POy4),F3 aqueous rechargeable battery; and (c) schematic diagram of Zn-VOPO, rechargeable
battery in the electrolyte 21 M LiTFSI/1 M Zn (Tr), solution.

Table 2. Different zinc-ion battery cathode materials and their electrochemical properties.

Cathode Electrolyte Voltage/V Capacity/mAh-g—1 Retention%/Cycles ( Aﬁ&ngﬂ;g;s) Ref.
LiFePO, ll\/ll\grslf:goggf); Y 094V 158 (0.5 C) 88'6(0{"0%5 1C 3 (ng:), L% oo
LiFePO, 4 1;41\%58%); o 09-14V 165 (0.2 C) 90(’/"(;2;50)'2 = 2 (Zn?+, HY) [21]
LisVo(POy); | 1\1’{}12255054* 2 0721V 131 (02C) 85'40("285)0'2 c 3 (Zrl‘;:)' Lt oo
NasVa(PO)s o n(C%ig[OO)z 0.8-17V 92 (0.5C) 74'0?"186)0'5 ¢ 3 (Zr}i:')N LR VX
NasVo(POy)s 2 M Zn(OTH), 0.6-1.8V 114005 Ag Y 7O0% &(1586? Agl 3 (Z‘};})Nf' [24]
NasVo(POy)Fs 2 M Zn(OTh), 08-19V 65008 A-gl)  080% "(‘g&ﬁ A @ EY 5]
NazVa(POs)F3 3 M Zn(OTH), 02-2.0V 100 (0.2C) 90'0[{%5‘5)0& 2 (Zn2*, HY) [26]
VOPO, 20,0 M %;T(frf)l; 1 0.8-2.1V 139 (0.1 A-g~ 1) 93'00/‘216‘5010?%_1 1(Zn%) [27]
VOPO,-xH,0 6?81\&2;[‘3(31}6: 0.7-19V 170 (0.1 A-g~1) 91'8%(253)1**‘5_1 1(Zn®) [28]
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Table 2. Cont.

Number

Cathode Electrolyte Voltage/V Capacity/mAh-g—1 Retention%/Cycles (Acting Ions) Ref.
4 M Zn(OTf), + B 1 88.7% at2 A-g~! 2
VOPO, 0.5 M MesEtOTE 02-19V 163 (0.05 A-g 1) (6000) 1 (Zn**) [29]
0.1 M Zn(OTf), : :
) in anhydrous _ 4257 mAh-g7" at 97% at0.2 A-g~ 2
MgV;,06-1.7H,O acetonitrile + 0.3-14V 02 A-gfl (50) 2 (Zn?t, HY) [30]

1% vol water

2.1. Multi-lon Insertion Mechanism of Rechargeable Zinc Batteries

During the charge and discharge processes of rechargeable zinc batteries, multiple ions
interact simultaneously. The behavior and properties of ions inside batteries are influenced
by multiple factors [31]. Therefore, it is necessary to consider the interactions and effects of
various ions comprehensively when discussing the battery mechanism. The electrochemical
charge storage mechanism in aqueous zinc-ion batteries is generally the reversible insertion
of Zn?* into the host material [32]. This is also the primary mechanism for most polyanion
compounds. As shown in Figure 2a, in the rechargeable battery composed of LiFePO4 and
Zn, during discharge, Li* ions in the mixed electrolyte generate LiFePO, and insert into
the heterostructure (FePOy). Simultaneously, zinc metal loses electrons, forming Zn?* ions
that migrate back to the electrolyte.

The primary working mechanism of Zn-LiFePO, can be represented by the following
equations:

Cathode, LiFePOy <+ e~ + Li" + FePQOy; 1)
Anode, Zn** +2e” > Zn; )
Overall, 2LiFePOy + Zn?* ¢ 2Li* + 2FePOy + Zn. 3)

Research has found that in aqueous electrolytes with polyanion compounds, an H*
(or Na") insertion often occurs alongside a Zn** insertion [33]. However, many studies
on aqueous zinc-ion batteries do not report on H*. Despite this, H* is commonly present
in aqueous batteries. For instance, in the Zn-LiFePO, battery shown in Figure 2a, an
analysis of its electrode potential reveals the presence of H*. Therefore, during the charge
and discharge processes, Zn?*, Li*, and H* ions interact simultaneously. Although Zn?*
usually predominates over H*, there are cases where H* plays a similar or even dominant
role compared to Zn?" and should not be ignored [34]. For example, Wan et al. [28], by
analyzing the differential capacity curve (dQ/dV) of a layered VOPO,-xH,O cathode in
different electrolytes, found that H* intercalation dominates in an electrolyte composed of
5m ZnCl, /0.8 m H3PO,. Therefore, when discussing the multi-ion insertion mechanism, it
is necessary to clarify which ion plays the primary role among the multiple ions. Some-
times, it is also necessary to discuss the situation in which different ions act under different
conditions in the same battery. Park et al. [35] studied the differences in the electrochemical
behavior of Na3V,(POy),F3 as a cathode material in non-aqueous and aqueous Zn-ion bat-
teries (ZIBs). Their in situ analysis revealed that the observed differences in electrochemical
behavior were due to different storage mechanisms. In non-aqueous ZIBs, Zn?** and Na*
were initially identified as guest ions, but gradually, only Zn?* was present. In contrast, in
aqueous ZIBs, H* was found to be the dominant guest ion instead of Zn?*. Therefore, the
multi-ion insertion mechanism of the battery should be discussed under various conditions
to inspire further exploration of the battery’s insertion mechanisms.

2.2. Dual-Ion Insertion Mechanism of Rechargeable Zinc Batteries

In addition to the multi-ion insertion mechanism, aqueous zinc-ion batteries also
exhibit a dual-ion insertion mechanism, in which Zn?* and another ion act together. This
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mechanism is simpler than the multi-ion insertion mechanism, as it involves fewer ionic
embedding and de-embedding processes. Consequently, it has gained increasing attention.
In aqueous zinc-ion batteries, H* is inevitable due to the electrolyte’s characteristics, so
it must be considered in our discussion. Research has shown that in the electrochemical
reaction of open-tunnel or layered cathode materials, there is not only the classical Zn* in-
sertion/extraction mechanism but also a H* /Zn%* co-insertion/extraction mechanism [36].
The aqueous Zn-Na3V,(POy),F3 rechargeable battery in Figure 2b is a typical battery with
Zn2* /H* co-insertion. Li et al. [26] synthesized the carbon nanotube-coated Na3V,(POy),F3
aqueous zinc-ion battery (AZIB) anode material with a continuous and interconnected ion
transport channel structure. X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) revealed the Zn?* /H* co-intercalation mechanism. The specific mechanism of the
reaction was found to be as follows:
During the first charging process: electrochemical reaction,

Na3(VO)2(POy)2F < Nay(VO)2(PO4)oF + (3 — x)Na* + (3 — x)e™ 4)

with the chemical reaction
Na3(VO)2(POy),F <+ VOPO, + amorphous byproducts, 5)
and for electrochemical reactions during subsequent charging and discharging processes,

Nay(VO)2(POy),F + yZnZ* + z H* + 2y + )¢ 4> NayZnyH,(VO)(PO),F  (6)

VOPO, +aZn?* + bH* + (2a + b)e™ «» Zn,H, VOPOy, @)

The reactions indicate the presence of a Zn?* /H* co-insertion layer in the cell, with
the electrochemical mechanism involving Zn?* insertion followed by H* co-insertion. Op-
timizing the material structure and morphology and adjusting the electrolyte composition
provides new insights for related research. The dual-ion insertion mechanism simplifies
the complex interactions of multiple ions, enhancing ion embedding and de-embedding,
and improving battery stability. Consequently, the dual-ion co-insertion approach has
been progressively refined and adopted in various batteries. For instance, researchers have
observed significant Zn?* /H* co-insertion in oxide cathodes cycled in aqueous media,
whereas Zn?* ions alone often prefer non-oxide materials. This difference may be due to
the interface nature, which is typically hydroxyl-terminated and hydrated in most oxides
and phosphates in aqueous media [37]. Wang et al. reported a novel vanadium-based
oxide cathode based on MgV,04-1.7H,O nanoribbons. Analysis by X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD), and inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES) revealed an irreversible Mg?*-Zn?* ion-exchange reaction
during the initial discharge, followed by an unusual H* /Zn?* intercalation reaction. In ad-
dition, Tao et al. [38] verified Zn%* JH* co-insertion/extraction in hydrated zinc vanadium
oxide/carbon cloth (ZnVOH/CC) electrodes by off-site transmission electron microscopy
(TEM), off-site XPS, and other characterization methods. These findings demonstrate the
practical application of the H* /Zn?* bi-ionic insertion mechanism, paving the way for
further exploration of ionic intercalation in batteries.

2.3. Mechanism of Single-lon Insertion in Rechargeable Zinc Batteries

H*/Zn%* co-embedding occurs at the cathode of zinc-ion batteries, but methods to
inhibit harmful H" embedding are limited [34]. Despite an increased focus on aqueous
zinc-ion batteries, several issues have emerged. H ion embedding can balance the insertion
and removal processes of Zn?* ions, reduce zinc dendrite formation and electrode polar-
ization, and enhance cycling stability and battery lifetime. However, the H* embedding
mechanism poses challenges. First, H* ion embedding can alter the electrode material’s
structure, causing volume expansion and contraction, which may lead to material breakage
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and deactivation. Second, side reactions from water decomposition can generate gases,
increasing internal gas pressure. Additionally, H* poses safety concerns, especially in
high-temperature scenarios, and proton insertion can form layered double hydroxide salts
(LDHs), such as ZnsSO4(OH)g-5H, O, on the surface of metal oxides [32]. These LDHs form
an insulating layer that detaches from the electrode over time, leading to active material
loss. To address these issues, there has been a growing emphasis on single-ion insertion
mechanisms that exclude H* embedding. To inhibit H action, modifications to the elec-
trolyte components are often considered, which is why highly concentrated electrolytes
have gained attention [39].

Taking Figure 2c as an example, the Zn/VOPO, aqueous cell uses a 21 M LiTFSI/1 M
Zn(Tr); solution as the electrolyte, effectively inhibiting H* activity within the cell. The energy
storage mechanism can be summarized as follows: in the low voltage region (0.8-1.8 V), Zn?*
ions are inserted into and extracted from VOPO,. The redox process of lattice oxygen atoms in
VOPOy is not required for the Zn?* ion insertion/extraction but is instead primarily involved
in the insertion/extraction of other ions between 1.8 and 2.1 V [27]. Its reaction mechanism is
summarized as follows:

Cathode, Zn,VOPO,_xZn?* — (2x + y)e~ <> VOY*POy; 8)
Anode, (X + y/2)Zn*" + (x +y/2)e” ¢ (x +y/2)Zn; 9)
Overall, Zn,VOPOy + y/2Zn%" 3 VOY*POy + (x + y/2)Zn>*. (10)

By altering the battery’s electrolyte, not only was the role of H* intercalation modified,
but the reversibility of the crystal structure transformation in VOPO, during charge/discharge
cycles was also enhanced through redox reactions. This improvement resulted in excellent
capacity retention and a long-term cycle life. This encouraged us to inhibit the role of H* by
controlling a series of factors, such as the type of electrolyte and even pH, to ultimately achieve
a benign application for the battery mechanism.

3. Ionic Properties of Rechargeable Zinc Batteries

In the previous sections, the effects of various ion embedding and de-embedding
on rechargeable zinc batteries were examined. The primary focus of subsequent research
should be on how these mechanisms impact battery performance. Our analysis reveals
that different ion interactions significantly influence the performance of zinc-ion batteries.
To facilitate this analysis, this paper categorizes the ionic effects into three types based on
previous work: multi-ionic interaction performance, dual-ionic interaction performance,
and single-ionic interaction performance.

3.1. Multi-Ion Interaction Properties

Due to the widespread use of aqueous electrolytes, H* is unavoidable in batteries;
consequently, multi-ion insertion is commonly observed in aqueous zinc-ion batteries [40].
Moreover, due to multi-ion insertion, the performance of batteries is influenced by various
factors, complicating the situation within the batteries. To distinguish the factors affecting
battery performance, it is essential to compare different batteries to obtain results that meet
our needs and identify the main factors influencing battery performance.

Figure 3a shows the charge—discharge curves of the Zn//CH3;COOLi+ Zn(CH3COO),//
LiFePOy hybrid battery at different current rates. The capacity at different rates exhibits a
regular gradient change, indicating that the Zn-LiFePO, system demonstrates stability. The
perfect recovery of capacity and high efficiency close to 100% indicate that the system has
excellent rate performance and a long cycle life, with a continuous current above 20 °C
suggesting substantial power output. During charging, Li* is de-inserted from the FePO,
matrix, Zn®* is deposited from the electrolyte, and electrons are gained from the current
collector. Conversely, during discharge, the opposite process occurs. The associated processes
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are illustrated in Equations (1)—(3). The system can provide an output voltage of about 1.2 V,
with a high expected capacity, satisfactory rate performance, and long cycle life at temperatures
above 20 °C. The aqueous zinc battery exhibits a range of excellent properties, and the insertion
and de-embedding of various ions enable the battery to achieve substantial power output.
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Figure 3. (a) Charge-discharge curves of Zn-LiFePOy [3]; Copyright© 2013 Copyright Clearance
Center, Inc. All rights reserved, United Kingdom of Great Britain and Northern Ireland (b) Initial
charge—discharge curves of LizV,_ Mn,(POy)3 (x = 0.00, 0.02, 0.04, 0.06, 0.1) [41]; Copyright© 2023
Advanced Energy Materials, published by Wiley-VCH GmbH, American (c) Charge-discharge curves
of Zn/ /0.5 mol L~1 + Zn(CH3COO0), / /NazV,(POy)3 cell charge/discharge curves [42]; Copyright ©
2022, under exclusive license to Springer-Verlag GmbH Germany, part of Springer Nature, Germany
(d) Cycling stability of Li3V,(POy4)3 cathode with different electrolytes; Copyright© 2016 Elsevier
Ltd. All rights reserved. the Netherlands (e) Rate capability of LiFePOj tested in the range of 0.5 to
20 C [43]; Copyright© 2024 Copyright Clearance Center, Inc. All rights reserved, United Kingdom of
Great Britain and Northern Ireland (f) Cycling performance at 500 mA-g~! in the potential range of
NazV,(POy)3@C of 0.4~2.0 V [17]. Copyright© 2021, American Chemical Society, American (g) The
operando synchrotron XRD patterns of the hybrid Zn-LiFePOy (left) and the corresponding charge—
discharge curve (right) [43]. (h) Contour plots of the operando synchrotron XRD data, 15.5-16.5°, in
which the (131) peak of LiFePOy is converted to the (311) peak of FePOy, during the initial charge
process [43]. Copyright© 2024 Copyright Clearance Center, Inc. All rights reserved, United Kingdom
of Great Britain and Northern Ireland.

Adding high-entropy elements to the battery can also significantly improve its elec-
trochemical performance. High-entropy materials (HEMs), which are single-phase crystal
structures composed of many different elements, open up a huge space of chemical param-
eters with an almost unlimited number of element combinations. This versatility enables
compounds to meet specific needs and be tailored to desired properties and applications,
improving the quality and functionality of the material in a sustainable way. It has broad
application prospects because its properties can be adjusted by selecting specific elements
and changing the stoichiometry. Appropriate doping of metal elements in the negative
electrode can alter the inter-crystalline spacing of the cathode material, alleviate crystal
deformation, and enhance conductivity and ion diffusion rates, thereby affecting battery
performance. As shown in Figure 3b, metal Mn was doped into the negative electrode
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LizV,(POy4)3 of a zinc battery, and the initial charge/discharge curves were analyzed. The
capacities of the battery with Zn//LizV,_Mny(POy)s (x = 0.00, 0.02, 0.04, 0.06, and 0.1)
were found to be 86.5 rnAh~g’1 (x=0), 89 mAh~g’l (x = 0.02), 90 mAh~g’l (x = 0.04),
106 mAh-g~! (x = 0.06), and 95.5 mAh-g~! (x = 0.1) The cell capacity gradually increased
with an increase of Mn content, a result attributed to the improvement of the interlayer
structure and equilibrium charge of the material by proper Mn doping.

Figure 3c shows the current density of the charge/discharge curves for the Zn-
Na3V;(POy); cell under different operating conditions. The specific discharge capacities
are 97,89, 79, and 58 mAh- g_1 at0.5,1, 5, and 10 C, respectively. The figure indicates that
the electrochemical performance of the cell is excellent, allowing it to be charged and dis-
charged at high rates up to 10 C. The specific discharge capacity of the Zn-NazV,(POy); cell
is illustrated in Figure 3c. According to Equations (4)—(7), the battery undergoes charging
and discharging involving not only Zn ions but also the embedding and de-embedding of
Na ions, along with the valence change of V elements. Their combined action results in good
battery performance, suggesting that the interaction between the two cations is significant,
prompting further investigation into the mechanism of the aqueous zinc-ion battery.

Cyclic stability is a key performance indicator for electrochemical energy storage and
conversion systems. It measures an electrochemical device’s ability to maintain stable
performance, including capacity, efficiency, and internal resistance, during repeated charg-
ing, discharging, or usage. Good cyclic stability is crucial for the long-term reliability of
electrochemical systems. It enhances service life, ensures safety and reliability, increases
energy density, and reduces maintenance costs. Figure 3d—f illustrate the cyclic stability of
various batteries.

The electrolyte plays a crucial role in determining cycling stability [44]. Figure 3d
illustrates the cycling performance of the Li3V,(POy); cathode at 200 mA-g~ 1 in various
aqueous solutions. The study compared 1M Zn, 1M Zn + 5M Li, 1 M Zn + 10 M Li, and
1M Zn + 15 M Lj, evaluating how different Li concentrations affected cycling stability.
The results showed that cycling stability improved with increasing Li concentrations.
Notably, the 1 M Zn + 15 M Li system exhibited the highest cycling stability, achieving a
reversible capacity of 126.7 mAh-g~! after 200 cycles without significant degradation. The
Coulombic efficiency (CE) reached 99.8%. This improvement is attributed to enhanced Li*
insertion and de-embedding with higher Li concentrations, which likely contributes to the
increased cycling stability. The Zn/Liz3V,(POy); cell showed reversible Li* insertion into
the polyanion cathode during cycling, while Zn?* plating and stripping occurred at the
anode. These findings suggest that optimizing electrodes and electrolytes could further
improve the performance of rechargeable Zn-based batteries.

The addition of additives can also impact the cycling stability of the battery [45]. Figure 3e
illustrates the performance of Zn/LiFePOy batteries with and without additives. Research
studies identified sodium dodecylbenzene sulfonate (SDBS) as an additive that enhances
the electrochemical behavior of Zn/LiFePOy4 hybrid batteries. Applying this additive to the
Zn/LiFePOy cell improved its performance. When evaluating cycling stability, it was found
that at a high current rate of 20 C, the capacity of the Zn/LiFePOy cell without the additive was
only 22.5mAh-g~!, with a capacity retention of about 15.3% compared to 0.5 C. In contrast, the
cell with the electrolyte additive maintained a capacity of 57.8 mAh-g~! at the same current
rate. Further analysis revealed that this additive not only suppressed Zn dendrite growth by
controlling the Zn plating pattern but also accelerated lithium-ion diffusion at the LiFePOy
cathode/ electrolyte interface. With the additive, Zn?* ions were smoothly deposited on the Zn
metal surface, preventing lamellar Zn dendrite growth. Additionally, the additive improved
the wettability of the LiFePO, electrode, increasing the lithium ion diffusion coefficient from
1.78 x 107! t0 8.22 x 107! cm? s, thus enhancing the cell’s performance at high rates.
This suggests that the main mechanism of the additive is to facilitate ion diffusion at the
interface through its surface-active properties. Both Zn?* and Li* ions play crucial roles at the
anode and cathode, respectively. Therefore, in optimizing battery performance, it is important
to consider both the electrolyte and its additives.
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In addition to the factors mentioned above, structural decomposition reactions occur-
ring in the electrolyte during the cycling process also influence ion diffusion within the cell,
which in turn affects the electrochemical performance [46]. Unlike the Zn-NazV,(POy)3
cell structure and reaction mechanism discussed earlier, materials in a 1 M Zn(CF3503),
aqueous solution were found to undergo unexpected structural decomposition reactions
during prolonged cycling. Specifically, NazV,(POy4)3 decomposes into vanadium oxides
such as Zn3V;,0g, V205, and VO,. This decomposition leads to significant changes in the
charge/discharge plateau, reversible capacity, kinetics, and structural stability. Notably,
cycling stability, which is a primary concern, is also greatly impacted. As shown in Fig-
ure 3f, when Na3V;(POy)3@C is cycled further at 500 mA-g’l within the range of 0.4 to 2.0
V, the reversible capacity initially increases to 145 mAh-g~! and stabilizes at 160 mAh-g~!
after 450 cycles. Subsequent studies revealed that the structure and morphology of zinc
remain stable post-cycling, indicating that Naz V,(PO4)3@C undergoes phase changes due
to the cumulative effects of repeated cycling. Thus, structural decomposition reactions in
the electrolyte can significantly affect the cycling stability of the battery.

The charge relationship inside the battery also has a profound impact on the mech-
anism of the battery, which in turn affects the performance of the battery. The phase
evolution of LFP during charge and discharge of mixed Zn/LiFePOy cells was studied
by XRD of the atom synchrotron. From the charge—discharge curve (Figure 3g), only one
discharge platform located at ~1.1 V can be observed, indicating a single-phase transition.
Acyclic LiFePOy has distinct peaks at 7.7°,9.2°,11.4°, and 13.2° and can be found in the
(020), (011), (021), and (121) planes, respectively. During charging, these peaks gradually
disappeared, while new reflections of ~8.0°, 9.2°, 11.5°, and 13.8° appeared, which can
be used for 200, 101, 201, and 211 reflections of the FePO, phase, indicating a complete
transformation of the LFP phase into a heterogeneous phase. After discharge, all LiFePOy
peaks reappeared completely, while the crystalline phase of FePO, disappeared, indicating
good phase reversibility. A more pronounced change can be observed in the contour plot
(Figure 3h), which shows that only Li ions and not Zn2* ions are inserted into FePO, during
discharge, although the size of Li ions is slightly larger than that of Zn?* ions. The main
reason can be attributed to the properties of Zn?* and Li ions: compared to Li ions, Zn?*
ions have a higher charge density (double charge divided by a small radius of 0.74 A),
resulting in reduced diffusivity within the body of ordinary polar crystals due to strong
coulomb interactions and inhibition problems related to electrolyte chemistry, affecting the
implantation/stripping solvation/desolvation energy balance.

3.2. Dual lonization Properties

Dual-ion insertion is also widely used in batteries, and its effects on performance merit
exploration. Unlike multiple-ion insertion, the impact of H* in dual-ion insertion cannot be
ignored, leading to different effects on battery performance [47]. Consequently, research in
this area has different focuses compared to multiple-ion insertion. The primary challenge
for this mechanism is addressing the effects of H*. Many researchers have proposed
solutions to this issue.

Compared to multi-ion action, the properties of dual-ion action are different due
to the ions. As shown in Figure 4a, the Zn/MnO, charge-discharge curve shows @
carbon fiber paper (CFP) cells at different rates in the first cycle. When the charge and
discharge rate is increased from 0.3 C to 6.5 C, about 60% of the capacity can be maintained
at 0.3 C, showing excellent magnifying capacity. Interestingly, with an increase of the
charge and discharge rate, the voltage and capacity of the first voltage platform (region
I) decreased very little, while the voltage and capacity of the second voltage platform
(region II) decreased significantly, indicating that the reaction kinetics of the first (high)
platform were much faster than those of the second (low) platform. At a high rate of 6.5 °C,
the reaction of the second platform accounts for less than 20% of the total capacity. This
significant difference in kinetics between the two reaction regions can also be observed by
cyclic voltammetry (CV) scanning at different rates.
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Figure 4. (a) Charge/discharge curves at different rates in the first cycle; Copyright© 2017, Amer-
ican Chemical Society, American (b) Charge/discharge curves of Li3V,(POy)s during different
cycles; Copyright© 2022, American Chemical Society, American (c) Charge/discharge curves of
Zn/NazV,(POy),F; at 0.3 C; Copyright© 2020, American Chemical Society, American (d) Cycling
performance of Na3V,(POy4),F3/C in non-aqueous zinc-ion batteries at 0.3 C; Copyright© 2020,
American Chemical Society. (e) Cycling stability of Zn3V4(POj)s starting from the second cycle at
0.04 Ag~! @C/30%BP cycle stability [48]; Copyright© 2022, American Chemical Society, American
(f) Specific capacity and coulombic efficiency obtained at different specific currents [49]. Copyright
© 2020 American Chemical Society, American (g-1) Corresponding SEM images and P:V ratios col-
lected by EDX at the 2nd (g,j), 5th (h k), and 20th (i,1) cycle; Copyright© 2022, American Chemical
Society, American.

Li et al. [34] demonstrated that engineering the solvated structure of aqueous Zn elec-
trolytes (AZEs) is an effective method to inhibit H* intercalation and promote dominant
Zn?* intercalation. To validate this concept, they selected Li3V,(POy)3 as the cathode and
compared its electrochemical performance using two previously reported electrolytes: 4 M Zn
(OTf); and 29 M ZnCl,. They also evaluated a newly designed hybrid electrolyte comprising
poly (ethylene glycol) 400 (Polyethylene glycol (PEG) 400) and water as co-solvents, with
Zn(OTf); as the salt. As shown in Figure 4b, ZnCl, did not exhibit a low-voltage plateau but
only a smaller activation-like process. In contrast to the maximum discharge capacity of 200
mAh-g~! observed with 4 M Zn(OTf),, ZnCl, achieved a discharge capacity of approximately
mAh-g~! at the 60th cycle after the initial activation process. Figure 4g-1 shows that the
morphology and P:V ratio of Li3V,(POy); electrodes only change slightly in ZnCl, WiSE, in
which clear and distinguishable crystalline particles are preserved upon cycling. The presence
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of H* in the cell, due to the electrolyte’s role in charge transfer and storage, necessitates the
suppression of H* to ensure safety and prevent potential fire hazards.

To address the issue of H* intercalation, the use of non-aqueous electrolytes can be
considered. As shown in Figure 4c, the NagV,(PO4),F5/C cathode exhibits poor reversibil-
ity in non-aqueous Zn-ion batteries. Constant current cycling at a lower rate of 0.3 C
reveals that the initial discharge capacity of the cell is only 49 mAh-g~!. Furthermore,
Figure 4d shows that this capacity decreases sharply during the first three cycles and
gradually stabilizes at 11 mAh-g~! by the end of 10 cycles. The non-aqueous Zn-ion battery
with Na3zV,(POy),F3/C exhibits a significantly shorter cycle life (10 cycles) compared to
the aqueous cell (30 cycles). These results indicate notable differences in electrochemical
behavior between aqueous and non-aqueous systems. While non-aqueous systems have
some drawbacks in terms of recyclability, aqueous batteries offer unique advantages.

In contrast, Zhao et al. [48] synthesized a novel rocking-chair AZIB cathode material,
Zn3V4(PO4)e@C (ZVP@C), and evaluated its electronic conductivity with a composite
carbon coating. According to Figure 4e, ZVP@C/30% BP provides good stability even
at current densities as low as 40 mA-g~!. This stability is attributed to the two-electron
reaction of vanadium and the co-intercalation of Zn?>*/H*. The capacity retention of
Zn2* /H* reached 80% after 400 cycles at 1 A-g~!, which was due to the stabilization of the
crystal structure and the co-intercalation reaction of Zn?* /H*.

The electrochemical performance of high-performance §-calcium vanadium oxide
bronze/reduced graphene oxide (CVO/rGO) as an AZMB cathode material was evaluated
using Zn foil as the negative electrode, 3 M Zn(OTf), as the electrolyte, and an aqueous
solution in a button cell [49]. The specific capacities at various current densities measured
by GCPL are shown in Figure 4f. Specific capacities of 267 and 215 mAh-g~! were achieved
at current densities of 500 and 1000 mA-g 1, respectively. This figure demonstrates the
good cyclability of the cell. The CVO/rGO composite exhibits satisfactory performance as
a cathode material and is suitable for studying the insertion mechanism.

Summarizing the performance of bi-ionic insertion, it can be observed that co-intercalation
is an effective method to mitigate the impact of H* on battery performance. Although a simpler
approach is to inhibit or even eliminate H" by changing the electrolyte, this will subsequently
alter the battery’s performance.

3.3. Single-lon Performance

In general, the main difference between single-ion action and multi-ion action is that to
avoid the presence of H*, a non-aqueous electrolyte is preferred, often a high-concentration
electrolyte using the “water-in-salt” concept. This inhibits H* activity, reduces multi-ionic
interactions, and establishes a foundation for further optimization of the ion insertion
mechanism [50]. Therefore, single-ion interactions also possess distinct characteristics
affecting battery performance.

In the 21 M LiTFSI/1 M Zn(Tr), (aqueous salt) electrolyte, the O, precipitation reaction
occurs even when charged to 2.10 V (Figure 5a). Additionally, the high concentration of the
21 M LiTFSI/1 M Zn(Tr); electrolyte inhibits the dissolution of VOPO, and the corrosion of
the Zn anode by reducing water activity. While the high electrolyte concentration can limit
excessive ion reactions, it also affects cell performance.

Under 5 A-g~! conditions, the capacity retention after 1000 cycles was as high as 93%
when the voltage window was 0.8~2.1 V (Figure 5b). In contrast, when the voltage window
was 0.8~1.8 V, the corresponding capacity of the Zn/VOPO; cell was only 20 mAh-g~!,
and the capacity retention after 1000 cycles was only 49%. This indicates that the high
concentration of electrolyte imposes certain requirements on the operating conditions of
the battery.

By evaluating the Til | Zn asymmetric cell, a Coulombic efficiency of about 99.7%
can be achieved by 70 PEG at a current density of 1 mA cm~2, as shown in Figure 5c. In
contrast, 0 PEG cells form extensive dendrites under the same operating conditions and
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fail after three cycles. The Coulombic efficiency of the cell can be improved to some extent
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Figure 5. (a) First charge/discharge curves of Zn/VOPOy-based batteries with different electrolytes;
Copyright© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany. (b) Cycling perfor-
mance of batteries employing the electrolyte in different voltage windows of 21 M LiTFSI/1 m Zn(Tr),;
Copyright© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany. (c¢) Charge/discharge
curves of Zn asymmetric cells with Ti| 1 mA 2 at 70 PEG [34]; Copyright© 2022, American Chemical
Society, Washington, WA, USA. (d) Cycling stability and Coulombic efficiency of a full cell with
electrolyte with or without PEO additive, 1 M ZnSOy in 0.5 C [51]; Copyright© 2020 Wiley-VCH
GmbH. (e) In situ XRD patterns of VOPO4/SWCNT electrodes; Copyright© 2019 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, Germany.

In situ XRD was performed during a typical charge/discharge cycle to further under-
stand the crystal structure evolution of VOPOy, (Figure 5e). During the discharge process
from 1.7 to 0.8 V (vanadium reduction), three lattice distortions occurred, as suggested
by the successive appearance of three new peaks, in accordance with the three discharge
plateaus in the low-voltage region. However, the crystal structure of VOPOy at the charged
state of 1.8 V did not recover fully to the corresponding discharged state of 1.7 V, thus
demonstrating that the crystal structure evolution was not completely reversible in the
voltage window of 0.8-1.8 V. Therefore, the Zn/VOPO, batteries display unsatisfactory
cycling performance from 0.8 to 1.8 V. Impressively, when the batteries were charged to
2.1V, the crystal structure of VOPO, recovered to the initial state. Thus, when the voltage
window was 0.8-2.1, the Zn/VOPO, batteries displayed excellent cycling performance.

With the addition of 0.5 wt% Polyethylene oxide (PEO), the battery can be safely
charged to a higher voltage of 2.05 V, while Zn achieved a higher capacity of 125 mAh-g~ 1.
(Note: The higher oxidative settling voltage of the PEO-containing electrolyte is partly
due to the increase in polarization on the Zn anode (=<50 mV). The use of Zn/LiMnyO4
cells with PEO additives shows significantly improved capacity retention (Figure 5d).
Additionally, the Coulombic efficiency (CE) degraded rapidly to 92% in the PEO-free
electrolyte over 100 cycles, whereas it remained as high as 99% in the Zn/LiMn;Oy cells
with a 0.5 wt% PEO electrolyte additive. This improvement can be attributed to the
stabilized Zn anode and suppression of gas generation in the PEO-containing electrolyte.
Mono-ion batteries enhance safety by addressing the issue of the H* presence through the
use of high-concentration electrolytes.

From the above discussion, it can be seen that single-ion batteries differ from other
types of batteries in terms of performance. The electrochemical performance is inferior to
other batteries, but it has safety and stability. It is clear that numerous factors influence the
electrochemical performance of the battery, ranging from characteristics to mechanisms.
Therefore, in further discussions, it is essential to consider these various factors to achieve
a clearer understanding of the battery’s energy storage mechanism.
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4. Opportunities and Challenges

During the exploration of different batteries, it was found that rechargeable batteries
utilizing multivalent ions can theoretically offer higher storage capacities due to multiple
electron transfers. Aqueous zinc-ion batteries (ZIBs) based on Zn?" intercalation chemistry
have gained significant attention due to their zinc anodes, which provide high capacity,
high abundance, low cost, and low redox potentials [52]. However, due to the nature of the
electrolyte in aqueous zinc-ion batteries, H* is inevitably present and affects the storage
and transfer of electrons [53]. According to the comparison of the charge and discharge
curve and the cyclic stability curve above, we can try to summarize the influence of H* on
the electrochemical performance of the battery and the methods for avoiding or reducing
such influence. On the one hand, the presence of H* can enhance ion conductivity, balance
the insertion and removal process of Zn?* ions, reduce the formation of zinc dendrites
and electrode polarization, and improve cycle stability and battery life. Therefore, in the
past development process of batteries, aqueous electrolytes have been favored by many
researchers. On the other hand, although people are increasingly concerned about water-
based zinc-ion batteries, there are also some problems. First, H" ion embedding changes
the structure of the electrode material, causing volume expansion and contraction, which
may lead to fracture and deactivation of the material. Second, the side reaction of water
decomposition will produce gas, increasing the internal gas pressure. Finally, H* may have
certain safety risks under high temperature conditions, which will cause great risks in the
industrial production process, so it should be avoided as much as possible. Therefore,
methods to inhibit the action of H* have garnered interest, leading to the development of
batteries with single-ion insertion [54]. Summarizing the conclusions of the above literature,
we can find strategies to solve or avoid the above problems. H* insertion can be inhibited
by engineering the solvation structure of aqueous zinc electrolytes (AZEs). Co-insertion
is an effective method to alleviate the effect of hydrogen ions on battery performance.
In order to avoid the presence of H*, a non-aqueous electrolyte is preferred, usually a
high-concentration electrolyte that uses the concept of “water in salt”. This inhibits H*
activity and reduces multi-ion interactions, laying a foundation for further optimization of
ion insertion mechanisms.

In fact, before the widespread use of non-aqueous solvents began in the 1950s, water
was the most readily available and almost the only solvent used in all areas of pure
and applied chemistry [55]. However, as batteries continue to evolve, their application
scenarios are expanding, leading to the continuous development of various battery types.
Consequently, non-aqueous zinc batteries are advancing. To address issues such as dendrite
formation and simultaneous water splitting during the charge—discharge process, and to
improve Coulombic efficiency and cycling stability, water-in-salt electrolytes have been
developed and are increasingly used in batteries [56]. These electrolytes not only solve the
aforementioned problems but also inhibit the production of H*. As a result, water-in-salt
electrolytes have gained significant attention due to their advantageous properties [57].
They not only mitigate the effects of H* but also enhance the reversibility of crystal structure
transformation during the charge/discharge cycle, thereby improving the cycle life of the
battery. The large resistances at the interface between electrolytes and the cathode/anode
are the major bottlenecks for delivering desirable electrochemical performances of batteries.
The electrolyte/anode interface also suffers from metallic dendrite formation, leading to
rapid performance degradation. The use of a solid electrolyte can improve the above
problems to a certain extent, with specific methods as follows: (1) surface modification
of a solid electrolyte; (2) the application of artificial interlayers; and (3) incorporating
multifunctional additives into the electrode material. These methods improve the cycle
stability of the battery to a certain extent [58].

With further research, similar limitations of aqueous electrolytes containing salt be-
come apparent. The higher salt concentration increases the viscosity in the cell, limiting
transport properties, charge/discharge rates, and performance in advanced zinc batteries.
Currently, each electrolyte composition has its advantages and limitations. Selecting the
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right electrolyte can maximize benefits and result in a battery that meets specific needs
across various environments. Therefore, significant progress is still needed in battery
research, presenting both opportunities and challenges for future development.

5. Conclusions and Outlook

Different types of batteries possess distinct advantages and disadvantages. Multi-ion
batteries demonstrate exceptional performance, increased capacity, and extended cycle life;
however, they are susceptible to interference from H* ions. Single-ion batteries effectively
mitigate the H* issue but may not match the multi-ion batteries in certain aspects. Aqueous
battery electrolytes are straightforward to produce, readily available, and widely utilized;
nonetheless, they pose specific safety risks. Non-aqueous batteries can bypass these
challenges but encounter limitations related to electrolyte composition and cost.

Above, we discussed the effects of different types and a number of roles of ions on
battery performance, but in practice, we find that the ionic species in the battery will exceed
our expectations for various reasons, and then we need to control the anionic species.

Achieving precise control of phosphate-based polyanion cathodes can be carried out
through material synthesis, doping modifications, morphology control, process optimiza-
tion, and so on. For example, fine synthesis methods such as solvothermal and solid phase
sintering are used to ensure the homogeneity and purity of the materials. Precise control of
reaction temperature and time can be used to optimize the crystal structure. Doping with
other metal ions (e.g., Mg, Al) can be used to improve conductivity and stability. Surface
coating of conductive carbon materials can improve electron conduction. Precise control
of nanoparticles can be achieved by adjusting reaction conditions (e.g., pH). Optimizing
preparation process parameters can improve the specific capacity and cycling stability. En-
suring that the choice of electrolytes is compatible with the cathode material can minimize
side reactions.

All our discussions are still relatively biased towards qualitative analysis, and our
main subsequent work is to shift the focus of our research towards quantitative analysis,
which will be used to determine the optimum composition of phosphate-based polyanion
cathodes for practical applications, which can be achieved through design of compositional
variables, material characterization, electrochemical testing, and data modeling and analy-
sis. The design of experiments (DOE) method is used to systematically vary the ratio and
conditions of different compositions and to evaluate the effect of different doping elements
and concentrations on battery properties. X-ray diffraction (XRD) and scanning electron
microscopy (SEM) are used to analyze the crystal structure and morphology of the materi-
als, and energy spectrum analysis (EDS) is used to determine the elemental distribution.
Cyclic voltammetry (CV) constant current charge/discharge tests are performed to assess
specific capacity and cycling stability. Electrochemical impedance spectroscopy (EIS) is
used to study the conductivity and charge transfer impedance of materials. The relationship
between composition and performance can be modeled using multiple regression analysis
or machine learning methods. Key factors affecting performance are identified and opti-
mal composition combinations are predicted. With this systematic approach, the optimal
composition of phosphate-based polyanion cathodes can be quantitatively determined to
realize their efficient performance in practical applications.

From the above discussion, it is clear that different batteries have their own strengths
and limitations, and no single type can meet all usage conditions. The goal now is to
enhance existing batteries to better fit various conditions and achieve superior performance.
Development and research of aqueous batteries are currently more advanced than those of
non-aqueous batteries, both in scale and timeline. Additionally, publications on aqueous
batteries have increased at a higher rate compared to non-aqueous batteries. Aqueous bat-
teries, due to their advantages, are likely to remain the dominant choice for the foreseeable
future. Therefore, it is crucial to continue analyzing the characteristics of different batteries
and determine appropriate research directions moving forward.
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As a conduit for energy from production to consumption, batteries play a crucial role
in optimizing the allocation of time and space in modern society and have a wide range
of applications [59]. Large-scale battery storage systems can be used for grid peaking,
improving the utilization of renewable energy, and playing an increasingly important role
in the energy sector. Battery energy storage power stations represent an untapped blue
ocean. From the perspective of battery structure and power converters, the scalability
and modularity of power storage through batteries—coupled with their ability to act
as both energy suppliers and consumers—provide significant operational flexibility [60].
Battery energy storage has advantages in scalability, service life, and flexibility. However,
current battery energy storage is mainly dominated by technologies such as lithium-ion
batteries, liquid flow batteries, lead-acid batteries, and sodium-based batteries. Large-scale
applications of battery systems with zinc ions as the anode have yet to be realized. However,
low-cost, high-security aqueous zinc-ion batteries have promising prospects for large-scale
energy storage [61]. Due to their different working principles and application scenarios,
each energy storage technology has its own advantages and limitations. Therefore, physical
and chemical energy storage will remain mainstream for quite some time. However,
compared with other energy storage methods, electrochemical energy storage has unique
advantages. Although zinc-ion energy storage cannot replace higher-power batteries, it
still has significant research value. It can be used as a substitute for other batteries in some
special circumstances. Under the right conditions, zinc battery energy storage will excel in
some aspects compared to other energy storage methods. A simple flowchart illustrating
the process from a battery to an energy storage plant is shown in Figure 6. Zinc batteries can
be combined to form a battery bank, which, like solar and wind energy, can be converted
from direct current (DC) to alternating current (AC) through an integrated off-grid control
system. The power can then be utilized comprehensively through an energy storage plant
using unidirectional and bidirectional meters in an AC distribution box. This illustrates the
simple process from a battery to an energy storage power station, highlighting the potential
for large-scale industrial use of zinc battery energy storage, which is a key focus of our
future efforts. Therefore, our current focus is to enhance the application scenarios of zinc
batteries as conditions allow.

ON/OFF-grid Control Inverter
% = | |=

Solar Energy Unidirectional Meter Bidirectional Meter
(o0 00080
Short-circuit protection| | J
Lightning protection | e

% % AC Distribution Box N

Wind Energy o G Energy storage
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Battery pack direct current alternating current

Figure 6. Flow chart of zinc battery to energy storage power station.

At the same time, we should always pay attention to the application of new technolo-
gies in batteries. The future of batteries depends not only on the iterative optimization of
existing technologies, but also focuses on the intersection of other disciplines with battery
energy storage. Machine learning (ML) and artificial intelligence (Al) are two key areas
of computer science. Al and ML have a wide range of applications across a variety of
industries, driving automation, personalized service, and efficiency, with tremendous
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potential for innovation. Optimizing material composition and structure through model
predictions to improve conductivity and stability in ML models, including artificial neu-
ral networks (ANNSs), support-vector machines (SVMs), random forest (RF), partial least
squares regression (PLS), and logistic regression (LR), have successfully predicted the
properties of battery materials [62]. We can quickly screen a large number of phosphate
battery material combinations through these technologies, find high-performance positive
and negative electrode and electrolyte materials, and guide the experimental design of
phosphate cathode materials. Discovering and exploring untried chemical spaces will help
develop new materials with potential applications, and integrate chemistry, physics, and
data science to foster multidisciplinary collaboration and improve material quality. These
technologies will drive innovation in battery technology and provide more efficient energy
storage solutions.
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Abstract: Alkali metals (Li, Na, and K) are deemed as the ideal anode materials for next-generation
high-energy-density batteries because of their high theoretical specific capacity and low redox
potentials. However, alkali metal anodes (AMAs) still face some challenges hindering their further
applications, including uncontrollable dendrite growth and unstable solid electrolyte interphase
during cycling, resulting in low Coulombic efficiency and inferior cycling performance. In this regard,
designing 3D current collectors as hosts for AMAs is one of the most effective ways to address
the above-mentioned problems, because their sufficient space could accommodate AMAs’ volume
expansion, and their high specific surface area could lower the local current density, leading to the
uniform deposition of alkali metals. Herein, we review recent progress on the application of 3D
Cu-based current collectors in stable and dendrite-free AMAs. The most widely used modification
methods of 3D Cu-based current collectors are summarized. Furthermore, the relationships among
methods of modification, structure and composition, and the electrochemical properties of AMAs
using Cu-based current collectors, are systematically discussed. Finally, the challenges and prospects
for future study and applications of Cu-based current collectors in high-performance alkali metal
batteries are proposed.

Keywords: alkali metal anode; 3D Cu-based current collector; dendrite free; electrochemical
performance

1. Introduction

With the development of society, people’s demand for energy is gradually increas-
ing. Meanwhile, the environmental problems caused by the massive use of fossil fuels
have gradually attracted people’s attention [1,2]. To overcome the above problems, new
energy systems are being vigorously promoted, such as wind energy, solar energy and so
on [3-5]. Nevertheless, such new energy sources have the characteristics of intermittence
and fluctuation, which make it difficult to ensure the stability of energy transmission.
This requires stable and reliable energy storage devices, such as rechargeable batteries,
including lead-acid batteries, Li-ion batteries, Na-ion batteries, Zn-ion batteries and so
on [6-10]. Among the many types of energy storage batteries, Li-ion batteries (LIBs) are
widely commercialized in mobile phones, laptops, electric vehicles and other electronic
devices because of their long lifespan and low self-discharge rate [11-14]. However, the
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practical specific energy of LIBs containing traditional graphite anodes is close to the
theoretical value [15,16], and even though many efforts have been made to improve the
specific energy of Li-ion batteries [17-20], they are still unable to meet people’s gradually
increasing requirements [21,22]. Therefore, it is critical to develop new high-energy-density
batteries [23].

Alkali metals (Li, Na and K) are deemed as the ideal anode materials for next-
generation high-energy-density batteries because of their high theoretical energy densities
(Li, 3860 mAh g_1 ; Na, 1166 mAh g_l ; K, 685 mAh g_l) and low redox potentials (Li,
—3.04 V;Na, —2.71V; K, —2.93 V versus SHE) [16,23-26]. Nevertheless, the further appli-
cation of alkali metal anodes (AMAs) is hindered by some issues with alkali metals, such
as uncontrolled dendrite growth, infinite volume expansion during cycling, and the high
reactivity between alkali metal anodes and electrolytes, dead alkali metals, and fragile solid
electrolyte interphases (SEIs), which lead to low Coulombic efficiency (CE) and unsatisfac-
tory cycling performance, as well as even safety hazards [16,27-32]. To date, considerable
efforts have been made to address these problems, including electrolyte optimization, the
construction of artificial SEIs on alkali metal anodes, introducing solid-state electrolytes,
the modification of separators, host design and so on [29,33-40].

In recent years, it has been demonstrated that constructing three-dimensional (3D)
current collectors can alleviate volume expansion and suppress dendrite growth, because
they have sufficient space to accommodate AMAs’ volume expansion, and high specific
surface areas, which could lower the local current density [30,41-44]. Through functional
modification, current collectors can also provide multiple functions, which include reducing
nucleation overpotential and local current density [34,45]. To date, Cu has been widely
studied as a current collector due to its good conductivity and processability, and 3D
Cu-based current collectors (3D Cu-based CCs) have received extensive attention for use as
AMAs [45-49]. For example, An et al. prepared the 3D porous Cu CCs from CuZn alloy foil
by the vacuum distillation method, and the electrochemical performances of lithium metal
anodes (LMAs) with these 3D Cu CCs were greatly enhanced [46]. Furthermore, Li and
co-workers used chemically treated Cu foam as the Na host, which achieved a stable Na
cycling behavior and suppressed volume expansion upon cycling [47]. Moreover, an anode
substrate obtained by chemically loading a thin layer of gold particles onto 3D Cu foam
was reported by Zhang’s group [48]. This design can reduce K dendrite growth by forming
stable SEL In addition, Guo et al. summarized the application of 3D Cu-based CCs in
lithium metal batteries (LMBs) [49]. Zhou et al. summarized the modification strategies of
Cu CCs for LMBs [50]. Hence, developing 3D Cu-based CCs is a practical and feasible way
to solve the problems encountered in the application of AMAs. Although some previous
reviews on LMAs have mentioned 3D Cu-based CCs [49,50], to the best of our knowledge,
critical reviews exclusively focusing on 3D Cu-based CCs for alkali metal anodes have
rarely been reported.

Herein, we summarize recent progress on the application of 3D Cu-based current
collectors in stable and dendrite-free alkali metal batteries (AMBs). The modification strate-
gies of 3D Cu-based current collectors and corresponding electrochemical performances in
LMB:s are first reviewed. The preparation or modification methods, nano- or microstruc-
tures, and electrochemical properties of 3D Cu-based CCs based on different designs are
systematically summarized and discussed in this section. Furthermore, the recent progress
in relation to modified 3D Cu-based CCs in sodium metal batteries (SMBs) and potassium
metal batteries (PMBs) is also summarized. Finally, we put forward the prospect of using
3D Cu-based CCs for high-performance AMBs.

2. 3D Cu-Based CCs for LMBs

Lithium metal batteries are considered promising candidates for use in the next gener-
ation of high-energy-density batteries. However, as mentioned above, lithium metal anodes
face serious problems of dendrite growth and volume change, which hinder the practical
application of LMBs. To tackle these problems, the researchers proposed using 3D CCs
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as lithium hosts. Meanwhile, a reasonable electrode structure can also promote the rapid
transport and uniform deposition of lithium ions [51]. Due to their good electrical conduc-
tivity and processability [52], Cu-based materials have been widely studied for use in the
construction and modification of 3D current collectors. To date, most of the researches on
three-dimensional Cu-based CCs have focused on the three-dimensional structure design
(or structural modification) and surface chemical modification of the current collectors. In
this chapter, we will systematically introduce the modification strategies commonly used
in three-dimensional Cu-based CCs and the corresponding electrochemical properties of
Cu-based CCs in LMBs.

2.1. Structural Modification

Structural modification is a strategy to promote the uniform deposition of lithium
ions, mitigate volume changes in lithium metal anodes, and enhance the stability of LMAs
by designing or adjusting the structure of the current collector [53,54]. To date, several
methods have been widely used in the preparation of three-dimensional copper-based
current collectors, including the template method [55], the dealloying method [56], the
electrodeposition method [57], etc.

2.1.1. Template Method

The template method is an important technique used to fabricate micro- and nanos-
tructured materials [52], especially in the preparation of porous materials. Materials with
different structures can be prepared by using different templates. This method has been
widely used in the preparation of 3D Cu-based CCs. Besides this, according to the types of
templates, template method could be roughly divided into the inorganic template method
and the organic template method.

The inorganic template method uses inorganic materials as templates to prepare other
materials with different 3D structures. For example, He and co-workers reported 3D
Cu-based CCs prepared by using NaCl as the template [43]. After the NaCl template
is removed, the copper powder is successfully converted into a 3D Cu skeleton with
abundant micropores. The open micrometer-sized pores and high surface area of the
3D CCs can promote the uniform distribution of Li* flux and homogeneous Li plating.
Consequently, the CE of Li deposition on the 3D CCs was maintained above 95% at
400 cycles at 1 mA cm 2. In addition, Chen et al. prepared a lithiophilic hyperbranched
Cu nanostructure on Cu foil using an anodic oxide aluminum (AAQO) membrane as the
template [58]. Figure 1a shows the process of fabricating the CCs and the anodes. With
the assistance of the AAO membrane, the vertically aligned Cu (VA-Cu) pillars were
deposited on the Cu foil. After that, as shown in Figure 1b, the hyperbranched oxides
were grown in-situ on the Cu pillars. The numerous lithiophilic CuxO hyperbranches
can act as nucleation sites, thus promoting homogeneous Li deposition. Compared with
copper foil (99.2 mV), Cu@Cu,O exhibits a lower nucleation overpotential (44.3 mV) at
1 mA cm~2 and 1 mAh cm™2. Therefore, the Li/Cu@Cu,O electrodes exhibited a low and
stable overpotential of 20 mV, and could maintain this over 600 cycles at 1 mA cm~2 and
1 mAh cm ™2, as presented in Figure 1c. Moreover, the Li/Cu@Cu,O | | LiFePOy full cell
exhibited a high specific capacity and a high-capacity retention rate of 87.6% after 300 cycles,
as shown in Figure 1d. The outstanding electrochemical performances can be ascribed
to the improved lithiophilicity and sufficient nucleation sites, which promote uniform Li
deposition. Meanwhile, the 3D structure also contributes to cycling performance due to the
effect of mitigating the electrode volume change.

In addition, some organic compounds can also be used as templates to prepare or
modify 3D Cu-based CCs. For example, Stan and coworkers reported an open-porous 3D
Cu-based current collector by using polylactic acid (PLA) nanoparticles as the template [59].
These 3D structures with large specific surface areas can effectively reduce local current
density and nucleation overpotential. Moreover, the dendrite growth and volume change
are also alleviated due to the abundance of internal space. As a result, the performance
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of a full battery with zero-excess lithium assembled from this current collector has been
significantly improved. Similarly, Ke et al. successfully prepared highly porous copper
structures on copper foam (HPC/CF) using polystyrene (PS) microspheres as the tem-
plate [60]. Figure 1e shows the fabrication process of the 3D HPC/CF composite. The 3D
hierarchically bicontinuous porous skeleton has numerous highly curved submicron-sized
copper ligaments, which can be used as the preferred Li deposition sites, as presented
in Figure 1f. The HPC/CF have a larger pore area (0.05 m? g~!) than pristine Cu foam
(0.023 m? g~ 1), and the pore volume of the HPC/CF can reach 0.5216 cm® g~!, which
provides abundant internal space to accommodate the deposited lithium, relieving the
volume change of the electrode. The 3D HPC/CF current collectors can effectively sup-
press the Li dendrites” growth and improve the Li plating/stripping behavior. As a result,
the LMAs derived from the 3D HPC/CF skeleton exhibited a high capacity for retention
of 71.1% at 2 C for 500 cycles, which shows a good application prospect, as displayed
in Figure 1g. The outstanding cycling performances can be ascribed to the inhibition of
dendrite growth owing to the superior Li dendrite growth inhibition achieved through the
novel structural design.
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Figure 1. (a) Synthesis procedure of Cu@Cu,O current collector and Li/Cu@CuxO electrode. (b) Side-
view scanning electron microscopy (SEM) images of Cu@Cu,O. (c) Galvanostatic voltage profiles of
Li/Cu@CuyO and Li/PL-Cu symmetric cells. (d) Cycling performance of Li/Cu@Cu,O | LFP and
Li/PL-CulLFP at 1 C. Reprinted with permission [58]. Copyright 2023, Wiley-VCH. (e) Schematic
illustration of the synthetic procedure of the 3D HPC/CF. (f) SEM images of the 3D HPC/CE. (g) Cyclic
stability of Li@3D HPC/CF | LFP and Li@CF | LFP full cell at 2 C. Reprinted with permission [60].
Copyright 2018, American Chemical Society.

In summary, the 3D Cu-based CCs prepared by the inorganic template method or
the organic template method have shown a good application prospect in improving the
stability of LMAs. However, the reusability of templates and their suitability for large-scale
preparation need to be further considered and improved.
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2.1.2. Dealloying Method

The dealloying method is a technique that removes some specific components from
an alloy to construct 3D skeletons with interconnected channels and nanopores [61]. The
dealloying method is widely used to construct 3D copper current collectors due to the
adjustable porosity and ease of operation it offers [62]. At present, the main technological
routes of dealloying can be divided into three categories: chemical etching [63,64], vapor
dealloying [65] and electrochemical etching [66].

Chemical etching is a facile, low-cost, and controllable preparation technique. For
example, Li et al. used sulfuric acid (H2SO4) and zinc sulfate (ZnSOy) solution to etch brass
foils (Cu—Zn alloy) and prepared Cu-based CCs with 3D structures [67]. The prepared
porous Cu could promote uniform Li deposition and suppress the growth of Li dendrites.
The porous Cu CC showed a high and stable CE and low overpotential. Compared to
planar Cu foil, the porous Cu can significantly improve the cyclic stability of LMBs.

Furthermore, based on the differences in the melting and boiling points and saturated
vapor pressures of different alloy components, one or several alloy components in precursor
alloy can be evaporated to construct a three-dimensional skeleton structure, which is called
the vapor dealloying method [68]. For example, Qian and coworkers prepared the 3D
porous Cu-based CCs via a facile vacuum distillation method from brass foils [46]. Cu
CCs with different pore structures can be prepared by adjusting distillation time and
temperature. The 3D porous Cu can suppress Li dendrite growth and mitigate the volume
change during the Li stripping/plating process. The as-prepared Cu CCs exhibited stable
CE and low overpotential, thus improving the performance of LMAs. Similarly, Wang’s
group reported a lithiophilic 3D Cu-CuSn porous framework, produced via a vapor phase
dealloying method [69]. Figure 2a shows the procedures of fabricating 3D Cu—CuSn and
the composite anode (3D Cu-LiSn-Li). Due to the sublimation of Zn and the diffusion
of Cu and Sn, many irregular holes (diameters of 2-5 um) are produced on the surface
of the 3D Cu—CuSn, as shown in Figure 2b. The corresponding elemental EDS mapping
images also show that copper and tin are uniformly distributed. The 3D Cu—CuSn displays
a lower nucleation overpotential of 66.7 mV than the Cu foil (96.3 mV) at 1 mA cm~2 and
1 mAh cm ™2 due to the improvement of the lithiophilicity. After the infusion of molten
lithium, an alloying reaction occurs, the principle of which is shown in Equation (1).

2Cuy;Sny; + 55Li — 11LisSny + 82Cu 1)

The resulting LiSn alloy can promote uniform Li deposition and the rapid migra-
tion of Li-ions. The 3D porous skeleton can suppress dendrite growth and alleviate the
volumetric expansion of the electrode. As a result, the 3D Cu-LiSn-Lil | LFP full cell
exhibited a superior cycling performance at 5 C, as presented in Figure 2c. Moreover, the
3D Cu-LiSn-Li| | LFP full cell showed a better rate performance than the Bare Li| | LFP
full cell at various rates (Figure 2d).

In addition to chemical etching and vapor dealloying, electrochemical etching is also
investigated for use in the preparation of 3D Cu CCs. For instance, Zhao et al. fabricated
a 3D porous Cu CC as a Li host via the electrochemical etching of copper-zinc alloy [70].
The as-prepared uniform and compact 3D porous structure not only has high electrical
conductivity and mechanical properties, but also helps to form a smooth and stable SEI.
The excellent properties and suitable porous structure of the 3D Cu can effectively inhibit
lithium dendrites and dead lithium from arising. Consequently, the Li@3D Cul | LiFePOy
full cells exhibited superior cycling and rate performance. Similarly, Li and coworkers
reported a three-dimensional hierarchical porous copper (3DHP Cu) CC produced via an
electrochemical dealloying method [71]. The preparation process of 3DHP Cu is shown
in Figure 2e. After dealloying, a homogeneous and compact porous structure can be
observed on the Cu surface, as presented in Figure 2f. The hierarchical distribution of
micropores and nanopores (500-800 nm) can promote the migration of Li-ions, make the
current distribution uniform, and alleviate the volume change. The symmetric cells based
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on 3DHP Cu could stably cycle for more than 250 h at 3 mA cm~2 and 1 mAh cm—2
with a low overpotential (Figure 2g). Moreover, the Li@3DHP Cul | LiFePO; full cell
exhibited superior rate capability, as shown in Figure 2h. The outstanding electrochemical
performances can be attributed to enhanced electrode reaction kinetics and uniform Li
plating, because the hierarchical distribution of micropores and nanopores provides rich
lithium-ion rapid transport channels.
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Figure 2. (a) Progress of synthesizing the 3D Cu—CuSn and 3D Cu-LiSn-Li electrodes. (b) Cross-
sectional SEM images with the corresponding EDS elemental mapping of the 3D Cu—-CuSn. (c) Cycling
stability of the 3D Cu-LiSn-Lil |LFP and Li| | LFP batteries at 5 C. (d) Rate capabilities of 3D Cu—
LiSn-Lil ILFP and Li| | LFP full cells. Reprinted with permission [69]. Copyright 2023, American
Chemical Society. (e) Schematic diagram of the preparation of 3DHP Cu. (f) SEM image of the
3DHP Cu from the top view. (g) Galvanostatic cycling performance of Li@3DHP Cu electrode.
(h) Rate capabilities of Li@Cu | | LFP and Li@3DHP Cu | | LFP cells. Reprinted with permission [71].
Copyright 2021, American Chemical Society.

In summary, dealloying is a facile method for preparing 3D Cu-based CCs. Various
dealloying techniques have their own characteristics. Chemical dealloying often uses acid
and alkali solutions as etching solutions, which is not friendly to the environment. Hence,
it is necessary to study green etchants as part of the development of chemical dealloying
technology. In contrast, electrochemical dealloying usually uses salt solutions and has less
impact on the environment. However, the effect of electrochemical dealloying is affected by
many factors, including voltage, current, time, temperature, etc. Therefore, it is important
to explore the interaction between different factors. The vapor dealloying process is simple
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and friendly, but it is limited by the melting and boiling points of the alloy components,
and the energy consumption is high in some cases.

2.1.3. Electrodeposition

Electrodeposition involves the formation of a coating through the transfer of positive
and negative ions within an electrolyte solution, induced by an external electric field. This
process involves oxidation-reduction reactions on the electrode, resulting in the gain and
loss of electrons. Electrodeposition is also widely used in the preparation of 3D CCs.

One of the more commonly used methods for preparing 3D copper structures is to
electroplate copper on the planar Cu substrate. However, the deposited copper is easily
fractured from the substrate due to its brittleness. In view of this, Volder and coworkers
fabricated 3D Cu—CNT composites with mechanically resilient structures via co-plating
carbon nanotubes (CNTs) with Cu on the copper substrate [72]. The 3D Cu—CNT CC with
an open porous structure and suitable specific surface area can accommodate the plating
of Li and avoid the excessive consumption of electrolytes caused by the introduction of
CNTs. Moreover, the 3D Cu-CNT composites can also be calendered without damaging the
structure, which has great potential in relation to improving the specific energy of LMBs.
In addjition, to inhibit the growth of lithium dendrites and unstable surface reactions, Kim
et al. proposed an “Li dendrite cage” strategy and prepared a 3D interconnected porous
Cu foam CC for LMA via a simple electrodeposition method [73]. Figure 3a shows the
procedure of fabricating the 3D interconnected porous Cu foam. The surface morphology
of the 3D Cu foam is presented in the SEM image (Figure 3b). With the assistance of a
dynamic hydrogen bubbles template, three-dimensional porous structures with an average
pore diameter of 12 um were successfully fabricated on copper foil. The thickness of the 3D
Cu foam is ~17 um, as presented in the cross-sectional SEM (Figure 3c). Figure 3d shows
the CE performance of 3D Cu foam and Cu foil at 0.5 mA cm 2, which exhibits that the CE
of 3D Cu foam is more stable than the Cu foil. This can be ascribed to the advantage of the
“cage effect”, that is, the dendrite’s growth is restricted within the abundant inner pores,
inhibiting its growth to the outside, as shown in Figure 3e. Meanwhile, volume changes
during the cycles are also mitigated due to the sufficient space within 3D structures. In
addition, Zhang et al. prepared an ultrathin 3D array-structured Cu current collector via
electrodeposition [74]. Firstly, the patterned design is established, and then the copper is
electrodeposited to obtain the 3D current collector, as presented in Figure 3f. The surface
morphology of the Cu CC can be observed in Figure 3g, h. This current collector (referred
to as CMMC) has a low areal density, making it ultra-thin and lightweight, which helps in
the construction of high-energy-density LMBs. Figure 3i shows the cycling performance of
symmetrical cells at 0.2 mA cm~2 and 0.2 mAh cm 2. The Li-CMMC electrode exhibited a
stable cycling over 2000 h at a low polarization voltage of 12 mV. Due to the synergistic
effect of lithiophilic CuxO and its appropriate structural design, the full cells with CMMC
exhibited good cycling performance. Furthermore, as shown in Figure 3j, the capacity
retention rate of the CMMC-Li | | LiFePOy full cell can reach 71% after 100 cycles.

2.1.4. Others

Apart from the several methods mentioned above, some other works have been re-
ported. For example, Zhang et al. obtained an ultrathin hierarchical porous Cu CC through
the anodic oxidation method [75]. The uniform 3D micro/nanopores could effectively
homogenize the local electric field and induce uniform Li deposition, thereby suppressing
the Li dendrites” growth and forming a stable SEI layer. As a result, the full cell’s per-
formance with this current collector is improved. As a material preparation technology
that has developed rapidly in recent years, the application of 3D printing in the field of
energy storage, especially in rechargeable batteries, has been widely investigated. For
example, Lei and coworkers reported a 3D Cu mesh produced by 3D printing [76]. Unlike
the uneven electric field on the surface of the traditional Cu CC, the 3D-printed structures
can effectively modulate the electric field distribution and provide sufficient internal space
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for Li deposition. The subsequent electrochemical properties also indicate that the 3D Cu
mesh could suppress Li dendrite growth, improve CE, and mitigate volume changes, which
shows the great potential of using 3D printing in the preparation of a 3D current collector.
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Figure 3. (a) Schematic illustration of the method of synthesizing 3D interconnected porous Cu
foam. (b) SEM image of 3D Cu foam. (c) FIB-SEM image of 3D interconnected porous Cu foam.
(d) Cycling performance of 3D Cu foam. (e) Li nucleation and plating/stripping behavior on 3D Cu
foam electrode. Reprinted with permission [73]. Copyright 2023, Elsevier. (f) Process of synthesizing
CMMC. (g) SEM images of CMMC. (h) SEM images of CMMC. (i) Cycling performances of Li-CMMC
and Li—CFC electrodes. (j) Cycling stability of CMMC-Li | | LFP battery at 0.2 C. Reprinted with
permission [74]. Copyright 2023, Wiley-VCH.
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2.2. Chemical Modification

In addition to designing or adjusting the structure of the current collector, other
materials can also be introduced to improve the surface properties of the Cu CCs. This
class of methods can be classified as chemical modifications, which include functional spot
modification [77,78], oxidation modification [79,80], protective layer modification [81] and
so on.

2.2.1. Functional Spot Modification

Previous studies have shown that lithium has a large nucleation overpotential on
a copper substrate, which indicates that copper’s surface is lithiophobic [82]. Therefore,
improving the surface properties of Cu CC and enhancing its lithium affinity can promote
uniform Li deposition and improve the cyclic stability of LMBs.

Cui and coworkers found that some metals (such as Au, Ag, Zn and Mg) can form al-
loys with lithium to reduce nucleation overpotential and induce uniform Li deposition [82].
For instance, Han and coworkers introduced lithiophlic Ag nanoparticles (Ag NPs) onto
graphene sheets as lithium hosts, achieving the uniform deposition of lithium [83]. Sim-
ilarly, these metals can be employed to modify the copper current collectors, thereby
augmenting the lithiophilicity of the Cu-based current collectors. For example, Chen
et al. prepared silver-modified copper mesh as a current collector via the magnetron
sputtering method [84]. The process of fabricating Cu mesh with Ag layer (CuM/Ag) is
shown in Figure 4a. The lithiophilic Ag layer is uniformly distributed on the Cu framework
(Figure 4b). Figure 4c shows the structure of the Cu/Ag/Li composite anode (Li@CuM/Ag)
under an optimal microscope. As shown in Figure 4d, CuM/ Ag exhibited negligible nu-
cleation overpotential due to the excellent lithiophilicity of CuM/Ag. The silver layer
could effectively reduce nucleation overpotential and induce uniform lithium deposi-
tion at the nucleation sites. The Li-Ag alloy produced by the reaction of the silver layer
with lithium shows better reversibility during the process of Li deposition/stripping and
interfacial reaction kinetics. Hence, Li@CuM/Ag symmetric cells can stably cycle over
1000 h at 0.5 mA cm 2 and 1 mAh cm 2, and the overpotential is only 25 mV, as shown
in Figure 4e. Figure 4f shows the cyclic stability of full cells. At the rate of 2 C, the initial
specific capacity (146 mAh g~!) and the capacity retention rate (86.39% after 150 cycles)
of the Li@CuM/Ag | | LiCoO; full cells are higher than those of Li@Cu mesh | | LiCoO,
and Lil | LiCoO, full cells. The excellent cycling performances can be attributed to the
enhanced lithiophilicity and uniform Li deposition because of the introduction of a silver
layer onto the Cu mesh. In addition to some commonly used lithiophilic metals, such
as zing, silver, etc., the application of some metals (such as bismuth, tungsten, gallium,
germanium, vanadium, etc.) and their compound materials in the field of energy storage is
gradually being explored [85-90]. For instance, Geaney and coworkers reported a novel
Germanium (Ge) nanowires (NWs)-modified 3D Cu-based current collector [91]. The syn-
thesis procedure is shown in Figure 4g. The thermal decomposition of diphenyl germane
(DPG) stimulates the growth of Ge NWs from a copper germinide (CuszGe) seed. Such
Ge NWs grows directly on the surface of copper without binders or conducting agents,
helping to improve the energy density of LMBs. Figure 4h shows the morphology of the
Cu-Ge surface. Ge NWs can be observed to grow densely on the surface of copper. Densely
grown Ge NWs have high lithiophilicity and can provide abundant lithiophilic anchoring
sites, which is conducive to regulating lithium-ion flux, lowering the local current density,
and facilitating homogeneous Li plating. As a consequence, the Cu-Ge CC exhibited
stable cycling (>400 cycles) and a high average CE (99.2%) at 0.5 mA cm~2 and 1 mAh
cm 2, as shown in Figure 4i. Moreover, the Cu-Ge@Li-NMC full cell with a high-voltage
NMC811cathode can cycle steadily for 150 cycles at 0.5 C with almost no capacity loss, as
presented in Figure 4j. The superior electrochemical properties can be ascribed to the novel
3D structure and excellent lithiophilicity due to the introduction of Ge NWs.
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Figure 4. (a) Schematic diagram of method of synthesizing CuM/Ag. (b) Digital photos of CuM/Ag
under optical microscopy. (c) Digital photographs of Li@CuM/Ag. (d) Voltage curves of Li plating
on Cu mesh and CuM/Ag. (e) Cycling performance of Li, Li@Cu mesh, and Li@CuM/Ag electrodes.
(f) Cyclic stability of Li@CuM/Ag| ILCO cell at 2 C. Reprinted with permission [84]. Copyright
2023, Wiley-VCH. (g) Schematic diagram of Ge NWs synthesis on Cu foil. (h) SEM image of Cu-Ge.
(i) Electrochemical performance of the Gu-Ge. (j) Cycling stability of Cu-Ge@Li-NMC811 battery at
0.5 C. Reprinted with permission [91]. Copyright 2023, Wiley-VCH.
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2.2.2. Oxidation Modification

In addition to introducing lithiophilic sites, copper oxides (CuO and Cu,0) have been
demonstrated to be beneficial in promoting the uniform deposition of lithium. This is be-
cause copper oxides can improve the lithiophilicity of Cu-based CCs, promote the transport
of Li-ions and enhance the stability of SEI by the in-situ formation of Li;O with Li. This
method of oxidizing copper to obtain copper oxides, thereby improving the lithiophilicity
of the CCs and facilitating homogeneous Li deposition, is called the oxidation modifica-
tion. The most commonly used oxidation methods include electrochemical anodizing [92],
chemical oxidation [79], thermal oxidation [93], etc.

The oxidation treatment of copper foil is a facile method used to construct three-
dimensional current collectors based on planar copper. At the same time, copper oxides
can also enhance the lithiophilicity of the Cu substrate. For instance, Liu et al. fabricated a
3D integrated gradient Cu-based CC via electrochemically anodizing [92]. The 3D structure
is achieved by growing copper oxide (CuO) nanowire arrays on the copper foil, and the
synthesis procedure is shown in Figure 5a. The morphology of CuO nanowire arrays is
shown in Figure 5b. The density of the CuO nanowire arrays has a great influence on the
Li deposition behavior, which depends on the anodizing time. According to the different
anodizing times, the prepared current collectors can be divided into S-CuO@Cu (anodizing
for 100 s), M—CuO@Cu (anodizing for 500 s), and D-CuO@Cu (anodizing for 1000 s). Sparse
nanowire arrays (5-CuO@Cu) expose a considerable amount of the lithiophobic surface
and cannot inhibit Li dendrite growth. Excessively dense nanowire arrays (D-CuO@Cu)
hinder the downward deposition of lithium ions due to the blockage of channels during
Li nucleation, causing the top deposition of lithium. Only the uniform nanowire arrays
(M—CuO@Cu) can induce the bottom-up deposition of lithium and inhibit the generation
of Li dendrites. Therefore, as shown in Figure 5¢c, M-CuO@Cu-Li exhibited excellent cyclic
stability with a low voltage hysteresis for more than 1200 h at 1 mA cm~2 and 1 mAh cm 2.
Moreover, the LEP | | M-CuO@Cu-Li full cell displayed excellent cyclic performance, with
a capacity retention rate of approximately 88% after 300 cycles at 1 C, and the full cell
maintained high and stable Coulombic efficiency simultaneously (as shown by red stars),
as presented in Figure 5d. The excellent cycling performances can be attributed to the
reasonable nanowire arrays structures and enhanced lithiophilicity. It is also proven that a
reasonable three-dimensional structure is of significance for uniform lithium deposition.

In addition to copper foil, the 3D Cu (such as copper foam, copper mesh) can also
be modified by oxidation. For example, Qian and coworkers reported the production of
pressure-tuned and surface-oxidized copper foams (RCOFs) via chemical oxidation and
mechanical compression [94]. The preparation procedure is shown in Figure 5e. After
mechanical rolling, RCOFs still maintained their 3D structure, and the morphology is shown
in Figure 5f. Cu,O improves the lithiophilicity of copper foam, and the pore structure of
copper foam is regulated by mechanical roller pressing. The synergistic effects of surface
modification and structural regulation give RCOFs good electrochemical properties. The
symmetric cells-based RCOFs can cycle for 2000 h with a low and stable polarization
at 5 mA cm~2 and 1 mAh cm ™2, as presented in Figure 5g. The Li-RCOFs/ /LFP full
cell exhibited a high capacity for retention of 99% after 500 cycles at 1.2 C (Figure 5h),
which shows the obvious superiority of this joint modification strategy. The outstanding
electrochemical performances can be ascribed to the reasonable adjustment of the porosity
and lithiophilicity of Cu foam by mechanical rolling and oxidation treatment.
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Figure 5. (a) Process of synthesizing CuO@Cu nanowire arrays. (b) SEM image of the surface view
of M-CuO@Cu nanowire arrays. (c) Cycling stability of CuO@Cu-Li anodes in symmetric cells.
(d) Cycling performance of LFP | | CuO@Cu-Li full-cells at 1 C. Reprinted with permission [92].
Copyright 2023, Wiley-VCH. (e) The fabrication of roll-pressed Cu@CuOx foams (RCOFs). (f) SEM
image of RCOFs. (g) Cycling performances of Li-RCOFs electrode. (h) Cycling performances of
Li-RCOFs/ /LFP cell. Reprinted with permission [94]. Copyright 2020, Elsevier.

2.2.3. Protective Layer Modification

A major obstacle in the application of LMA is its high reactivity. The reaction of
lithium with the electrolyte causes the consumption of the electrolyte and the loss of active
Li, and the generated weak SEI is also not conducive to uniform Li deposition. To solve
this problem, the strategy of constructing an artificial protective layer (or artificial SEI) on
Cu-based CCs has been proposed and studied extensively.

Organic materials have been widely studied for their use as modification layers
on Cu-based CCs due to their good structural flexibility and interfacial compatibility
with lithium metal. Furthermore, organic materials contain abundant polar functional
groups. On the one hand, these functional groups can be adsorbed on the surface of
the copper current collector through bonding or other interactions, avoiding the “tip
effect”; on the other hand, polar functional groups can absorb Li-ions and improve the
chemical affinity between Li-ions and the electrolyte, thus homogenizing lithium-ion flux
and promoting uniform Li deposition. For example, Jiang et al. fabricated a 3D Cu-based
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CC modified with polydopamine (PDA) by laser processing and chemical treatment [95].
The preparation process is illustrated in Figure 6a. Laser processing provides a planar
Cu-rich internal space and large specific surface area. Moreover, the PDA thin layer
with abundant lithiophilic functional groups (such as -OH and -NH;) can effectively
decrease the nucleation overpotential and facilitate uniform Li nucleation and deposition,
as displayed in Figure 6b. Furthermore, the PDA layer can act as a strong artificial SEI
layer to inhibit the growth of lithium dendrites and relieve volume expansion due to its
excellent mechanical strength and toughness. Hence, the PDA@3D Cu electrode can cycle
steadily for more than 1000 h with a low voltage hysteresis (~24 mV) at 0.5 mA cm 2
(Figure 6¢).

Apart from organic protective layers, many inorganic materials have been investigated
as protective layers of Cu-based CCs. For example, Liao and coworkers fabricated a Cu-
based current collector modified with a ZnzN, protective layer using filtered cathode
vacuum arc (FCVA) technology [96]. When lithium ions are first deposited, the ZnzN,
protective layer reacts with lithium to generate LiZn alloy and lithium nitride (Li3N). The
LiZn alloy enhances the lithiophilicity of the Cu CC and acts as the nucleating seed to
induce uniform Li nucleation and deposition. Meanwhile, Li3N with high ion conductivity
can be used as the artificial SEI layer to promote the transport of lithium ions and isolate the
electrolyte and LMA. Therefore, the ZnzN,@Cu | | LFP anode-free full cell exhibited a high-
capacity retention rate of 63.1% after 100 cycles, which is significantly better than that of
the Cu | I LFP full cell (14.9% after 100 cycles). In addition, Piao and coworkers constructed
a Cu-based 3D host modified with a multifunctional solid electrolyte interphase [97].
The procedure of synthesizing the modified 3D host (MSEI@Cu) is shown in Figure 6d.
MSEI@Cu is prepared via a novel double-coating strategy. Specifically, Cu nanowires
grown on a copper foam surface are covered by a double coating, which includes a compact
surface carbon layer and an internal carbon matrix containing CuSO, and InyS;. After
the reaction with lithium, an artificial SEI layer rich in Li,S and LixIn is formed on the
surface of MSEI@Cu. At the same time, the content of LiF is increased by facilitating the
decomposition of TFSI™ anions. The rich inorganic components significantly improved the
mechanical properties and stability of SEI, and enhanced the transport kinetics of Li-ions.
The amorphous carbon layer on the surface can accommodate the volume change of the
electrode and isolate the contact between the electrolyte and the inner layer, inhibiting
the excessive decomposition of the electrolyte. Hence, the electrochemical properties of
the Li-MSEI@Cu were significantly improved. The symmetric cell with a Li-MSEI@Cu
electrode can stably cycle for 1400 h, with a low overpotential of 15 mV at 1 mA cm~2 and
1 mAh cm~2 (Figure 6e). Accordingly, the Li-MSEI@Cu | | LFP full cell exhibited excellent
cyclic stability for 500 cycles with 80% capacity retention at 1 C, as shown in Figure 6f.
The excellent cycling performances can be attributed to enhanced lithium-ion transport
kinetics and the inhibition of the excessive decomposition of the electrolyte due to the
ingenious design of multifunctional SEI It is worth noting that the novel modification
method provides a new idea for constructing a multi-functional artificial SEI
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Figure 6. (a) Schematic diagram of the fabrication and lithiation process of PDA@3D Cu.
(b) Schematic illustration of Li deposition through PDA layer. (c) Cycling performance of
Li@PDA@3D Cu electrodes. Reprinted with permission [95]. Copyright 2020, Elsevier. (d) Pro-
cess of synthesizing MSEI@Cu. (e) Cycling performances of Li-MSEI@Cu electrode. (f) Cycling
stability of Li-MSEI@Cu | | LFP cell at 1 C (1C = 170 mAh g~ !). Reprinted with permission [97].
Copyright 2024, The Royal Society of Chemistry.

3. 3D Cu-Based CCs for SMBs and PMBs

Sodium metal anodes (SMAs) and potassium metal anodes (PMAs) are considered
ideal alternatives to Li for use in next-generation high-performance batteries due to their
high theoretical specific capacity and low cost. Similarly, as alkali metal anodes, they
encounter the same problems and challenges as lithium metal anodes, such as dendrite
growth, volume expansion, fragile SEI and so on [98-101]. Many research results have
shown that 3D Cu-based current collectors can also be used in sodium metal batteries
(SMBs) and potassium metal batteries (PMBs) to improve their performance.

To date, 3D Cu-based current collectors have been explored for use in sodium metal
anodes [102,103]. For example, Chen et al. prepared a CugSns alloy layer on Cu foils
(CugSns@Cu) and applied it to sodium metal anodes [104]. The sodiophilic CugSns can
significantly reduce the nucleation overpotential of Na. Besides this, Cu substrates can
alleviate the volume and stress changes during alloying and maintain the structural stability
of the current collectors. As a result, the CugSns@Cu CC showed high average CE (over
99.84%) during 2000 cycles at 5 mA cm~2 and 1 mAh cm 2. In addition, Huang’s group re-

130

500



Molecules 2024, 29, 3669

ported a facile approach to stabilizing the SMAs by constructing Sn nanoparticles-anchored
graphene on planar Cu (Sn@LIG@Cu) [105]. Figure 7a illustrates the process of preparing
the Sn@LIG@Cu CC. The Sn nanoparticles can improve the sodiophilicity of Cu current
collectors and reduce the Na nucleation overpotential, as shown in Figure 7b. The low
overpotential (~5.2 mV) is conducive to Na nucleation and dendrite-free sodium deposition.
Based on this, the Sn@LIG@Cu showed a high average CE after a long cycle. Moreover, the
flexible polyimide (PI) columns can act as the binder and buffer layer, which can effectively
mitigate the volume change of SMAs during cycling. The unique patterned structure design
provides continuous channels for rapid ion transportation, thus promoting the Na-ions’
transport kinetics. In view of this, the Na@Sn@LIG@Cu | INVP full cell exhibited superior
cycling stability over 600 cycles with 90% retention capacity at 1 C (Figure 7c). The excellent
electrochemical performances can be ascribed to enhanced Na* transport kinetics and
dendrite-free sodium deposition due to their unique patterned structure and the introduc-
tion of sodiophilic Sn nanoparticles. Moreover, this unique structure design and advanced
preparation method provide a feasible approach to the application of 3D Cu-based CCs
on SMAs. When applied to alkali metal batteries, the Cu-based current collector has the
problem of poor affinity with alkali metals. Therefore, the surface modification of Cu-based
CCs has been widely investigated. For instance, Yu and coworkers fabricated a porous Cu
skeleton modified with cuprous selenide nanosheets (CuySe/Cu foam) via the selenization
treatment of Cu foam [106]. The composite SMA (Na,;Se/Cu@Na) is prepared by infusing
molten Na into a CuySe/Cu foam, as shown in Figure 7d. The Cu,Se nanosheets vertically
grown on the surface of copper foam play crucial roles in improving the Na metal anode’s
performance (Figure 7e). On the one hand, the uniform distribution of Cu,Se nanosheets
can improve the sodiophilicity of Cu CC and promote the infusion of molten sodium, thus
forming a composite anode, whereas the bare copper foam cannot be wetted by molten
sodium to form a composite SMA. On the other hand, the Na,Se nanosheet clusters formed
after molten sodium infusion can promote the rapid transport of sodium ions and enhance
the electrode reaction kinetics. Meanwhile, the 3D composite structure can homogenize the
distribution of Na-ion flux, inhibit the volume change, and facilitate uniform Na deposition.
As a result, the NaySe/Cu@Na | | NVP (NagV,(POy)s3) full cell delivered an initial charge
capacity of 102 mAh g~! with 95.1% capacity retention after 800 cycles, even at 10 C, as
presented in Figure 7f. Moreover, as shown in Figure 7g, compared with bare Nal INVP
full cells, the NapSe/Cu@Na | | NVP full cells exhibit a higher discharge capacity, especially
at high rates. Such excellent performances can be attributed to the fast sodium-ion transport
and the stable three-dimensional structure. It is worth noting that the current collector is
also applicable to potassium metal batteries, which indicates the excellent performance and
great application potential of the 3D Cu-based CCs.
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Figure 7. (a) Process of synthesizing Sn@LIG@Cu. (b) Voltage curves of Na deposition on different
substrates. (c) The cycle performance of Na@Sn@LIG@Cu | INVP at 1 C. Reprinted with permis-
sion [105]. Copyright 2023, Wiley-VCH. (d) Synthesis procedure of NaySe/Cu@Na composite anode.
(e) SEM image of CF/CusSe. (f) The cycling performances of Na | INVP and Na;Se/Cu@Na | INVP
full batteries at 10 C. (g) The rate capacity of NaySe/Cu@Na | | NVP full batteries. Reprinted with
permission [106]. Copyright 2022, Wiley-VCH.

Apart from SMAs, 3D Cu-based CCs have also been investigated for PMAs [107,108].
For instance, Wang et al. designed a CusPt alloy-modified Cu mesh and applied it as the
CC in PMBs [108]. The CusPt-Cu mesh has a coarse surface with massive nanoparticles,
which can provide a large specific area and homogenize the distribution of electrical field
and ion flux. Moreover, CusPt has excellent affinity for K, which can lower the nucleation
overpotential and induce uniform K deposition. Accordingly, the full cell (Prussian blue
(PB) as the cathode material, CuzPt-Cu mesh as the anode CC) exhibited an ultralong
lifespan over 250 cycles. Similarly, Zhang’s group prepared a highly potassiophilic Pd/Cu
CC, and investigated the application in a low-temperature K metal battery [109]. Figure 8a
shows the fabrication process of the Pd/Cu current collector, K/Pd/Cu anode and the cell
configuration. The coated Pd layer enhances the potassiophilicity of the CC, and the Cu
foam with large specific surface area could lower the local current density, which enables
the Pd/Cu current collector to exhibit excellent electrochemical performance. The Pd/Cu
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shows a more stable CE than bare Cu foam over 450 cycles at 0.5 mA cm ™2 and 0.5 mAh
cm~?2 (Figure 8b). Moreover, the K/Pd/Cul | PB full cell can stably cycle over 60 cycles
even at —20 °C due to its excellent dendrite inhibition ability, as displayed in Figure 8c.
Due to the huge differences in the transport speeds of electrons and ions on the three-
dimensional current collector, electrons are prone to accumulate at the top of the current
collector and form current hot spots, which makes the growth of dendrites inevitable.
Hence, surface modification has been shown to regulate the electron and ion transport of
the current collector [110]. For example, Zhao and coworkers demonstrated an up-and-
down “simultaneous” deposition model in low-temperature and dendrite-free PMBs [111].
They introduced copper selenide (CuSe) to the surface of the Cu foam through vacuum
evaporation (Figure 8d). Afterward, a K;Se/Cu (KSEC) conductive layer was obtained by
reacting with potassiuam. The KSEC layer has low electron conductivity and can form an
electric field gradient, thereby avoiding the accumulation of electrons and the formation of
current hot spots. Meanwhile, the KSEC layer has excellent potassium ion transport kinetics,
which could promote the rapid transfer of potassium ions from the top to the bottom for
nucleation and deposition at the bottom. This strategy of simultaneously regulating the
electronic and ionic conductivity of the 3D anode promotes uniform potassium deposition.
Figure 8e shows the functional mechanism of KSEC. However, K,S/Cu (KSC) prepared
by the same method follows a top-down deposition model owing to the slow diffusion of
potassium ions in the K,S layer and the short diffusion distance, as presented in Figure 8f.
Due to the reasonable structural and functional design, the KSEC electrode exhibited a
long cycle lifespan over 1000 h with a low overpotential of 80 mV at 1 mA cm~2 and
1 mAh cm~2, as shown in Figure 8g. Moreover, the KSEC-K | PTCDA full cell exhibited an
excellent cycling stability over 500 cycles with a high-capacity retention at 2 C (Figure 8h).
The superior cycling performances can be ascribed to the reasonable adjustment of the
electronic and ionic conductivity via the formation of the KSEC layer. And more details
about the electrochemical performances of 3D Cu-based CCs in AMBs can be found in
Table 1.
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Figure 8. (a) Process of synthesizing Pd/Cu foam and K/Pd/Cu foam. (b) Electrochemical perfor-
mance of the Pd/Cu foam. (c) Cycling stability of K/Pd/Cul IPB cell at —20 °C. Reprinted with
permission [109]. Copyright 2022, Elsevier. (d) Schematic diagram of the synthesis procedure of
CuSe@CF. (e) K deposition behavior on KSEC anode, “synchronized” deposition. (f) K deposition be-
havior on KSC anode, “top-down” depositional. (g) Galvanostatic voltage profiles of KSC and KSEC
electrodes. (h) Cycling performance of KSEC-K | PTCDA cell at 2 C. Reprinted with permission [111].
Copyright 2023, Wiley-VCH.

Table 1. Cycling performance of symmetrical cells under different 3D Cu-based current collector
modification strategies.

Cycle Performance V2 (mV), T b (h)

Substrate Current Collectors Method Cy € (mA em-2), C, © (mAh cm-2) Ref.
Lithium metal anodes
Modification strategy: Structrual modification
/ 3D Cu skeleton Template method 40,500 (1, 1) [43]
Cu foil Cu@Cuy O Template method 20,600 (1, 1) [58]
Cu foam HPC/CF Template method /,620 (0.5, 1) [60]
Cu-Zn alloy foil 3D Cu Dealloying /,800 (0.52, 0.26) [46]
Cu-Zn alloy foil 3D Cu Dealloying 20,400 (1, 1) [70]
Cu-Zn alloy foil 2h-3D CuZn Dealloying 25,450 (1, 1) [63]
Cu-Zn alloy foil Porous Cu Dealloying 20,440 (1, 1) [67]
Cu-Zn alloy mesh HP-Cu@5n Elec]t)rilelssygllagtmg /,800 (1, 1) [112]
Cu foil 3DHP Cu Electrodeposition 33,850 (1, 1) (71]
Dealloying
Cu foil 3D P-CuZn Electrodeposition /,560 (1,1) [64]
Dealloying
Cu foil 3DOM Cu-450 Electrodeposition 25,700 (0.2, 0.5) [57]
Cu foil Cu@Sn nanocones Electrodeposition 10, 600 (1, 1) [113]
Cu foil 3D Cu-CNT Electrodeposition /,550 (0.5, 1) [72]
/ 3DP-Cu 3D printing /,250(1, 1) [114]
/ 3D Cu mesh 3D printing 20,500 (1, 1) [76]
Modification strategy: Chemical modification
Cu foam Ag@CF Chemical reaction 30,1600 (1, 1) [77]
Cu foil Cu-Ge Chemical reaction /, 1000 (0.5, 1) [91]
Cu mesh CuM/Ag Magnetron sputtering 25,1000 (0.5, 1) [84]
Cu foam ISG-CuO-2mM Chemical oxidation /,1150 (1, 1) [79]
Cu foam RCOFs ﬁ‘jg;fllcgﬁiﬁfg“ /,5000 (5, 1) [94]
Cu foam Cu-Cu, O Chemical oxidation 15,1800 (1, 1) [115]
Cu foam ZnO NFs/CuF solvothermal 10,1600 (1, 1) [116]
Cu foil CuO@Cu Electrochemical 10,1200 (1, 1) [92]
anodizing
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Table 1. Cont.

Cycle Performance V2 (mV), T b (h)

Substrate Current Collectors Method Cy € (mA em-2), C © (mAh em—2) Ref.
Cu foam GN@Cu foam Chemical immersion 10, 2000 (0.5, 1) [117]
Cu foil PDA@3D Cu Chemical immersion 24,1000 (0.5, 0.5) [95]
Cu foil v-APS-Cu Drop casting 12,1400 (0.5, 1) [81]
Cu foil GO-Zn/Cu Elesd?"depo.smo“ 20,600 (1, 1) [118]

pin-coating

Sodium metal anodes
Cu foam CuNW-Cu Electrochemical 25,1400 (1, 2) [102]
anodizing
Cu-Zn alloy 3D porous Cu Dealloying /,1000 (1, 1) [103]
Cu foil Cu/Zn/Sn0O, Magnetron sputtering 25,820 (1, 1) [119]
Cu mesh Pt-Cu/Cu mesh Chemical reaction /,400(1, 1) [120]
Cu foam SE-Cu-3.6 Chemical oxidation 19,400 (1, 1) [121]
Cu foam CupSe/Cu foam Solution selenization 70,500 (1, 1) [106]
Cu foil Sn@LIG@Cu Laser process 19.7,1000 (10, 10) [105]
Potassium metal anodes

Cu foam rGO@3D-Cu Chemical immersion /,200 (0.5, 0.5) [107]
Cu mesh CuzPt-Cu mesh Chemical reaction 1000, 300 (0.5, 1) [108]
Cu foam CuSe@CF Vacuum evaporation 80,1000 (1, 1) [111]

2 Voltage hysteresis (mV); ? time (h); € Cy: current density (mA cm~2); Cy: specific area capacity (mAh cm™2).

4. Conclusions and Outlook

In conclusion, this review summarizes the commonly used methods for the modifi-
cation of Cu-based CCs and recent progress on the applications of 3D Cu-based CCs for
AMBs. The ideal three-dimensional Cu-based current collector would provide multiple
advantages, which include (1) alleviating electrode volume changes; (2) reducing local
current density and delaying dendrite growth; (3) reducing nucleation energy barriers;
(4) changing SEI composition and promoting uniform deposition; (5) inducing the prefer-
ential deposition of alkali metal ions at the bottom. However, most of the existing current
collector modification strategies struggle to take these points into account. As a result, ap-
propriate modification strategies should be combined with the characteristics of structural
modification and chemical modification to improve the performance of AMBs. In recent
years, significant progress has been made in research into the application of 3D Cu-based
CCs in AMBs. Nonetheless, there are still many challenges and problems that need to be
solved. To better improve the performance of AMAs, further investigations should focus
on the following points (Figure 9).

1. The mechanisms of the nucleation and growth of alkali metal ions and dendrite
formation should be further investigated. For alkali metal batteries, the nucleation and
growth behaviors of alkali metal ions determine the performance of the battery to a certain
extent. Meanwhile, the dendrite problem, as a critical factor affecting the stability and
safety of alkali metal batteries, has received much attention and research. Many current
collector modifications are also aimed at inhibiting dendrite growth. At present, many
works have been reported on promoting the uniform deposition of alkali metal ions and
inhibiting dendritic growth. However, the explanation of the mechanism remains relatively
singular, mainly regarding the reduction of local current density and the increases in
nucleation sites. The existing modifications generally increase the specific surface area by
constructing three-dimensional porous structures, thus reducing the local current density.
These modification strategies can only delay the growth of dendrites to a certain extent,
and cannot truly address the problem of dendrites. Therefore, the further exploration of
more core mechanisms is essential to more effectively guide the development of Cu-based
CCs and alkali metal batteries.
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Figure 9. Outlook and prospective research directions relating to advanced 3D Cu-based current
collectors for AMBs. Top left: reprinted with permission from [122] Copyright 2021, American
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The Royal Society of Chemistry. Top right: reprinted with permission from [123] Copyright 2024,
The Royal Society of Chemistry. Bottom left: reprinted with permission from [124] Copyright 2023,
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Wiley-VCH.

2. More advanced 3D Cu-based current collectors should be explored and investigated.
Pure metal (pure Cu and Cu alloys)-based current collectors play a positive role in optimiz-
ing the performance of AMAs. However, these current collectors still face the problems
of dendrite growth and volume change during long-term cycling, meaning they struggle
to meet the actual application needs of alkali metal batteries. It is worth noting that some
materials also play a huge role in the construction and modification of 3D Cu-based current
collectors, including carbon materials, polymer materials and so on. Carbon materials
(including graphite, graphene, etc.) have high electrical conductivity, excellent mechanical
strength, light weight and so on [125]. It has been confirmed that constructing composite
materials with carbon materials is a common method to improve the performance of elec-
trode materials [126]. Polymer materials with polar functional groups have good flexibility
and play a significant role in inducing lithium deposition and mitigating volume changes.
In order to maximize the specific energy of AMBs, lightness of weight is the future devel-
opment direction of current collectors. In view of the abundant reserves, low price and
good electrical properties of copper materials, the study of lightweight three-dimensional
copper composite current collectors (with carbon materials, polymer materials, etc.) is still
of positive significance for the practical application of AMAs.

3. More advanced characterization techniques should be further explored and applied
in alkali metal batteries. Compared with traditional characterization techniques (such
as X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and so on), advanced characterization techniques can more accurately
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measure the changes in various components and parameters in the battery system, thereby
helping to clarify the relationship between various parameters. Undoubtedly, this helps
to clarify the mechanisms by which battery performance improvement or battery failure
occur. For example, in situ characterization techniques, including in situ XRD, in situ X-ray
photoelectron spectroscopy (XPS), in situ Raman spectroscopy and in situ atomic force
microscopy (AFM), etc., have developed rapidly in recent years, and have been widely
used in the characterization of solid-state electrolytes. These characterizations can also be
further explored and introduced into the study of current collectors.

4. The study of SMBs and PMBs should be further developed. As a topic of great
interest, there are a lot of studies on lithium metal anodes, whereas there is little research
on sodium metal anodes and potassium metal anodes. Although sodium, potassium and
lithium encounter dendrite growth, volume change and other problems, there are some
differences in their practical applications, including as cathode materials, electrolytes and
so on. Besides this, in recent years, the lithium resource reserves have decreased and their
price has risen, resulting in the high cost of lithium batteries. As a result, more attention
and investigations should be directed towards SMBs and PMBs, which may replace lithium
metal batteries in some applications in order to meet people’s demand for energy density.

5. The practical and large-scale application of 3D Cu-based current collectors in
AMBs should be further investigated. At present, some studies on the application of
3D Cu-based CCs in alkali metal batteries have made great progress. However, their
preparation methods or modified materials are not suitable for use in practical application.
For example, some studies use magnetron sputtering, laser etching or other processes, and
the equipment is expensive and not suitable for large-scale preparation. Besides this, some
studies have used gold, silver or their compounds to improve the surface properties of Cu-
based current collectors and regulate the nucleation and growth of alkali metals. Obviously,
these expensive materials are not suitable for use in practical preparation and applications.
In addition, most of the 3D Cu-based current collectors are assembled in coin cells to test
their performance, which is different from the actual application environment. Hence, in
this context, developing proper preparation methods and corresponding equipment is
critical for preparing large-area 3D Cu-based CCs for use in practical AMBs.

Overall, this review summarizes some recent advances in the development of 3D Cu-
based CCs for use in high performance AMBs. We hope this review will further promote
the practical application of 3D Cu-based current collectors in AMBs and other fields.
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Abstract: Lithium (Li) metal is one of the most promising anode materials for next-generation,
high-energy, Li-based batteries due to its exceptionally high specific capacity and low reduction po-
tential. Nonetheless, intrinsic challenges such as detrimental interfacial reactions, significant volume
expansion, and dendritic growth present considerable obstacles to its practical application. This
review comprehensively summarizes various recent strategies for the modification and protection
of metallic lithium anodes, offering insight into the latest advancements in electrode enhancement,
electrolyte innovation, and interfacial design, as well as theoretical simulations related to the above.
One notable trend is the optimization of electrolytes to suppress dendrite formation and enhance the
stability of the electrode—electrolyte interface. This has been achieved through the development of
new electrolytes with higher ionic conductivity and better compatibility with Li metal. Furthermore,
significant progress has been made in the design and synthesis of novel Li metal composite anodes.
These composite anodes, incorporating various additives such as polymers, ceramic particles, and
carbon nanotubes, exhibit improved cycling stability and safety compared to pure Li metal. Research
has used simulation computing, machine learning, and other methods to achieve electrochemical
mechanics modeling and multi-field simulation in order to analyze and predict non-uniform lithium
deposition processes and control factors. In-depth investigations into the electrochemical reactions,
interfacial chemistry, and physical properties of these electrodes have provided valuable insights into
their design and optimization. It systematically encapsulates the state-of-the-art developments in
anode protection and delineates prospective trajectories for the technology’s industrial evolution.
This review aims to provide a detailed overview of the latest strategies for enhancing metallic lithium
anodes in lithium-ion batteries, addressing the primary challenges and suggesting future directions
for industrial advancement.

Keywords: metallic lithium anodes; electrochemical properties; interface design modification; lithium
dendrites; high energy density

1. Introduction

In response to global warming and extreme weather events, the worldwide demand
for energy continues to grow, while the outlook for traditional energy systems appearing
bleak [1-4]. The development of clean energy, such as low carbon, environmentally friendly,
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high-performance energy conversion, and storage systems, is essential for enhancing the
current energy structure and reducing the use of fossil energy [5-7]. As a typical clean
energy, lithium batteries offer significant advantages, including high energy density, high
discharge power, long cycle life, no memory effect, and environmental sustainability in
facilitating the widespread use of portable electronic devices and electric vehicles [8,9]. The
unique configuration of lithium pouch cells can lead to differences in pressure distribution,
electrode material distribution, and electrolyte distribution, which can affect their failure
characteristics [10]. Through innovations in the field of electroplating chemistry, researchers
have learned about the deposition and exfoliation behavior of lithium ions and have
optimized electrolyte composition and operating conditions, thereby minimizing dendrite
growth and improving cycling performance, providing important insights for the study of
lithium-ion plating processes in non-aqueous liquid electrolytes to improve the stability
of lithium metal anodes [11,12]. Strategies such as the use of composite anodes, the
introduction of protective coatings, the optimization of electrolytes, and the integration
of lithium metal anodes with advanced cathode materials and separators have shown
promising results [13]. Among various advancements, the lithium metal anode is regarded
as the most promising candidate for the next-generation of high-energy-density lithium
batteries, owning to its mass specific capacity of 3860 mAh g~! and a volume specific
capacity of 2065 mAh cm 3 [14-16]. Additionally, the electrochemical redox potential
(—3.040 V vs. standard hydrogen electrode) of the metallic lithium anode is significantly
lower than those of other metal anodes [17]. These unique advantages also position metallic
Li as one of the most important anode materials in the era of all-solid-state batteries,
potentially facilitating a significant leap in the safe and energy density of lithium batteries.

Despite the above-mentioned advantages, with the deepening of the research on
lithium metal anode, there are still challenges that need to be overcome before lithium
metal anode batteries can be commercialized. Firstly, due to the high diffusion barrier
and weak interaction energy, lithium atoms tend to form one-dimensional long tubular
or filamentary lithium dendrites [18-20]. The constantly growing lithium dendrites can
penetrate the separator and reach the cathode, causing internal electrical contact and short
circuits in the battery, which may lead to thermal runaway and explosion risks [19,21-23].
Secondly, metallic lithium shows thermodynamic instability and is prone to react with
solvents or additives in the electrolyte to form a solid electrolyte interphase (SEI) [24]. The
typically formed SEIs are brittle and inhomogeneous, resulting in poor anode interface
stability [25]. The rupture of the SEI during cycling results in the constant depletion of
electrolyte and Li. Furthermore, the electrical insulation of the SEI layer makes it possible
for lithium dendrites to detach from the anode and become electrochemically inert, known
as “dead lithium”, resulting in low Coulombic efficiency and lithium utilization [26,27].
Lastly, the infinite volume change of the lithium metal anode during deposition/stripping
can easily destroy the naturally formed SEI with poor mechanical properties, thus exposing
the highly reactive lithium metal to the electrolyte and forming a new interface [28,29]. The
continuous destruction and regeneration of SEI not only leads to the ongoing consumption
of active lithium and electrolyte but also increases the battery’s impedance, ultimately
leading to a rapid decline in the electrochemical performance of the battery [30].

In summary, studies on metal lithium anodes have identified three major challenges:
lithium dendrite growth, uncontrolled interfacial reactions, and significant volume expan-
sion, as shown in Figure 1 [31]. Generally, there are three types of solutions: electrode
design, electrolyte modification, and interface engineering. However, with the increasing
popularity of research on metal lithium anodes, new discoveries, and modification strate-
gies continue to emerge in recent years. And previous generalizations cannot keep up
with the latest progress, especially in novel, convenient, low-cost, and multi new strategies,
or provide clear explanations for some issues. A prefatory review article focusing on the
modification and protection of anodes can greatly benefit researchers by quickly orienting
them towards the current developmental direction of the field [32]. Therefore, this review
aims to summarize recent research from a broad perspective, including comprehensive
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fundamental knowledge and the latest work on metallic Li anodes. Moreover, this work,
grounded in a vast array of published studies, offers detailed discussions on specific
mechanisms not thoroughly explained in other comments.

Interface
Reactions

Metallic
Lithium

Anodes

Figure 1. Challenges and improvement strategies for lithium metal anodes.

2. Strategies for Designing Advanced Li Metal Anode

Beginning from the lithium anode itself, modification strategies and protection mea-
sures primarily follows two directions: alloying/forming Li-alloy and designing composite
Li anodes. These approaches are essentially effective in guiding nucleation deposition and
constraining volume expansion.

2.1. Alloying or Forming Li-Alloy

To address issues such as reaction between electrodes and electrolytes, electrode
alloying is commonly employed to improve safety, achieve dendrite-free anode, high
Coulombic efficiency, and extend cycle lifespan [33]. Significant advancement has been
achieved with the development of various Li alloy anodes, including various forms of
lithium-carbon alloys (such as graphite-Li hybrid anodes), Li-Al alloys, lithium-zinc alloys,
lithium-indium alloys, etc. [34-36]. However, challenges related to interface contact, as
well as problems arising from stress due to volume expansion and the conduction rate of
ions and electrons inside the electrode, have not been adequately addressed.

The mechanical properties of alloys play a crucial role in controlling dendrite formation
on the anode. Compared to lithium-carbon alloys, a slightly higher voltage of lithium-
metal alloy anodes contributes to enhancing the interfacial stability with SEs, as shown in
Figure 2. Huang demonstrated the importance of the mechanical properties of the alloy
in terms of dendrite suppression. Compared to other Li-alloys, the high compressive
strength and high Young’s modulus of Li-Al alloy enabled it to effectively maintain the
integrity of the electrode during repeated loading and unloading. It was shown that Li-
Al alloy anodes exhibited the highest ability to inhibit dendrite formation, and no soft
shorts were observed in symmetrical cells under high current densities of 40 mA cm~?2
and a capacity of 3 mAh cm 2, with excellent cycling performance and electrochemical
performance. It is expected to be a promising anode for high-rate and high-area capacity
solid-state battery (SSBs) [37]. Peng used a one-step phase change alloying reaction to
construct a lithium alloy /ionic conductor composite anode. In this process, the original
LiMgPO,4 (LMP) was converted into ionically conductive Li3PO4 and Mg, and Mg reacts
with Li to form Li-Mg alloys to form Li-LMP composites. On the one hand, the alloying of
nanoscale LisPO4 improved the mechanical strength of Li-LMP, enabling it to withstand
the local stresses that would occur during cycling, and on the other hand, it enhanced
the ion transfer inside Li-LMP and accelerated the dynamic mass transfer process. Li-
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LMP exhibited higher rate performance and cycling stability in both ether and carbonate
electrolytes [38]. Guo constructed a solid solution-based Li-Mg alloy framework through
mechanical rolling, which acted as an electron/ionic double conductive lithium host,
inhibiting lithium dendrites and volume changes to stabilize the metal lithium anode. The
lithophilic Li-Mg solid solution alloy promoted uniform Li deposition and promoted Li
extraction during the peeling process, which inhibited the parasitic reaction and dendrites
on the surface of the Li metal anode [39]. Zheng chose 3D carbon cloth (CC) as the substrate
to cover the entire zinc oxide quantum dots to inhibit Li dendrite growth. The spontaneous
reaction between ZnO QDs and molten Li formed LiZn alloy and covered the CC surface,
so the substrate had a high Li adsorption affinity and appropriate Li diffusion barrier
energy. The three-dimensional structure of CC provided a higher specific surface area and
reduced the effective current density of the electrode, and the surface of the formed LiZn
alloy had a high adsorption energy (—1.89 eV) and a diffusion barrier suitable for Li atoms
(0.68 eV), which was conducive to the uniform dense nucleation and deposition of Li. Due
to the dendrite-free Li deposits, the Li/LiZn/CC anode worked for 2700 h at 1 and 10
mA cm 2 for 2700 and 1900 h, respectively, showing remarkable stability in symmetrical
cells [40].

= LiZn/CC
@ Liatom

72NN
ANANAANAN

Adsorption Diffusion

Va2 ol A

Li/LiZn/CC

Figure 2. Schematics of (a) the inhibition of lithium growth by Li-Mg alloy [39]. (b) Li deposition on
bare Li or Li/LiZn/CC substrates [40].

2.2. Composite Li Anodes

Composite lithium anodes employing 3D host materials with pre-stored lithium prop-
erties, or 3D current collectors featuring lithophilic properties, have been demonstrated as
effective methods to facilitate the uniform deposition of lithium and prevent the formation
of dendrites. This approach can effectively mitigates issues such as irregular lithium de-
position, serious volume changes, and safety hazards, as shown in Figure 3 [14]. And the
specific data are shown in Table 1.

Qutaish calculated the influence of different heteroatoms (pyridinic N, pyrrolic N,
quaternary N, and Co—Ny) on the growth mechanism of Li clusters using density functional
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theory: Li grew axially on the surface of the carbon skeleton, while other heteroatoms, such
as nitrogen defects, led to the vertical growth of Li [41].

Zhang prepared a 3D TizC,Tx@Cu current collector where the 3D structure not only
effectively reduced the average current density but also alleviated volume expansion.
Ti3C,Tx nanosheets as a Li affinity agent facilitated uniform deposition and dendrite-free
structure, resulting in a reduction in nucleation overpotential and an increase in Li nucle-
ation sites. After prolonged plating/stripping, the Li-Ti3C, Tx@Cu anode’s surface could
still maintain uniformity. Under the condition of 1 mA cm~2 current density and 1 mAh
cm 2 surface capacity, the super-stable cycling time of the Li-Ti3C, Tx@Cu symmetric cell
was about 950 h [42]. Yang electroplated a 3D micro-porous structure of a lithium-friendly
nickel scaffold on a flat copper with nano-scale surface roughness to serve as a metal
lithium anode collector. The high specific surface area and nanoscale rough surface allowed
for low local current density and uniform electric field distribution, which facilitated the
uniform deposition of lithium metal at high current densities. The Ni(OH); thin layer
formed in situ during electrodeposition exhibited high lithium affinity, inducing uniform
nucleation of lithium. This 3D lithiophilic Ni micro-porous (3D NMV) matrix endowed
the Li metal anode with long cycle performance exceeding 830 cycles under an ultra-high
current density of 10 mA cm 2 [43]. Using low-cost bamboo as a raw material, a nickel-
embedded porous graphite carbon fiber (PGCF@Ni) advanced anode was constructed by
Wang. Due to its excellent conductivity and high specific surface area, lithium could be
uniformly deposited/stripped on the prepared SEI@Li/PGCF@Ni anode without lithium
dendrites. In a symmetrical battery, under the conditions of 1 mA cm~2/1 mAh cm ™2, the
overpotential after 2000 h was only about 10 mV. The Li-S full battery assembled through
collaborative design (SEI@Li/PGCF@Ni | | PGCF@Ni/S) exhibited excellent stability, with a
capacity retention rate as high as 77.9% after 600 cycles at 1 C [44]. Chen effectively guided
uniform Li deposition in the 3D subject by applying magnetron sputtering to uniformly
anchor the liphyphilic silver layer on the copper net (Li@/Ag) and realized the spatial
control of Li nucleation. The symmetrical battery could maintain a low overpotential
(230 mV) and long cycle life (90 h) at a high current of 10 mA cm? with a plating amount
of 3mAh cm?. Also, Li@/Ag | | LiCoO, cells exhibited high capacity retention (86.39%)
after 150 cycles at 2 C [45]. Liu devised a 3D ZIF-8@RGO scaffold material that could
function both as a current collector and a host for the metal lithium anode. The preferen-
tial deposition of Li was achieved through the synergistic effect of the lithiophilic N/Zn
nucleation sites and the independently conductive RGO. The Li/ZIF-8@RGO anode was
able to operate for 600 h (pre-loaded with 5 mAh ecm~2), without short-circuiting, and
demonstrated high Coulombic efficiency of up to 98.48% over 350 cycles. The full battery
also exhibited excellent cycle stability and rate capability [46].

The use of blockchain technology as a tool for process management can enhance the
safety of the manufacturing and transporting lithium-ion batteries, as shown in Figure 4.
As reported by Ma, who reported the utilization of a conductive polymer-filled metal-
organic framework (MOF) as the host for lithium ions, polypyrrole (PPy) acted as a ‘link’
to connect stored lithium ‘blocks” in the MOF pores. When highly conductive PPy guided
fast Li* penetration/extrusion and acted as nucleation sites for isotropic Li growth, the
MOF pores separated block-shaped Li deposits into regions for 3D matrix Li storage.
This resulted in excellent Coulombic efficiency with low overpotential and dendrite-free
growth during Li plating/stripping [47]. A host integrating Co-Fe binary metal selenide
quantum dots into a 3D inverse opal nitrogen-doped carbon framework (3DIO FCSe-
QDs@NC) was designed for application to sulfur cathodes and metal lithium anodes.
The highly dispersed FCSe-QDs had good adsorption and catalytic properties, which
effectively immobilized soluble LiPSs, improved diffusion conversion, and alleviated the
shuttle behavior of polysulfides. At the same time, the abundant lithophilic sites of the
three-dimensional ordered porous network could achieve uniform lithium deposition and
uniform lithium-ion melting, thereby inhibiting dendrite growth. Taking advantage of
these features, the lithium-ion battery assembled with 3DIO FCSe-QDs@NC as the main
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body exhibited excellent rate performance and stable cycling ability (with a decay rate as
low as 0.014% over 2000 cycles under the 2 C condition). It is worth noting that under ultra-
low conditions with a sulfur loading of 8.50 mg cm 2 and an electrolyte/sulfur ratio of
4.1 uL mg !, the areal capacity of the electrode reached 8.41 mAh cm 2 [48]. Xu designed
a novel yolk-shell nitrogen doped carbon frameworks embedded with heterostructures
ZnSe-CoSe; (ZnSe-CoSe,@NC) for both anode and cathode protection in Li-S batteries,
among which the in situ formed Li,Se phase contributed to the Li* transfer. Co and Zn
guided the uniform growth of Li within the 3D framework, effectively suppressing Li
dendrite growth. This design provided outstanding conductivity and stability, with a long
cycle life over 1000 cycles at 2 C and a high areal capacity of 4.16 mAh cm 2 after 100 cycles
at 0.2 C with high sulfur loading (6.08 mg cm~2) and lean electrolyte (4.1 pL mgfl) [49].
The 3D main structure has become a promising strategy to address the critical issues of
the metal lithium anode, including severe volume changes and dendrite growth during
battery cycling. Zhang constructed a 3D CNT framework with MnOy coating using a simple
hydrothermal method. Using it as the main body for the injection of molten Li, the thickness
of the ultra-thin Li metal anode could be controlled to form a self-supported 10 um ultra-
thin Li metal anode, increasing the utilization of Li and limiting volume expansion. The
abundant MnOy nanoparticles acted as Li affinity sites, reducing the Li nucleation barrier
and optimizing the electrochemical kinetics of the anode/electrolyte interface. It showed
excellent lifetime extended to 2000 cycles in the symmetric cell, as well as better capacity
and rate performance than the naked Li anode in the full cell [50]. Shin demonstrated
through electrochemical simulations that carbon activity (lithophilic) and intergranular
porosity could modulate lithium plating behavior by controlling the competitive kinetics
of charge transfer and Li* transport. It was shown that the lithophilicity at the bottom of
the electrode was enhanced, the porosity between the particles at the top increased, and
Li preferentially nucleated and then grew from the bottom upwards. The high-capacity,
long-cycle main structure heterostructure prepared by two-step electrophoretic deposition
spatially limit the volume change of a large number of lithium metal (6 mAh cm~2) with
a cycle life of more than 900 cycles, which proved that the controllable heterogeneity of
interfacial activity and porous structure could limit the storage behavior of lithium metal
in the MOF-derived carbon host structure [51].

Wang developed a compact TiO,@VN (vanadium nitride) heterojunction structure
with high true density (5.01 g cm~3), made by clever selective nitro enation, as a dual host
for sulfur and Li without carbon. TiO,@VN exhibied special Li affinity and could serve as
a Li matrix, uniformly adjusting Li nucleation and inhibiting dendrite growth, resulting in
a high electrode-level volume/weight energy density for the assembled full cell [52]. Wang
also designed an advanced nitrogen-doped carbon microreactor embedded with a rich
C0304/Zn0O heterojunction (CZO/HNC) as the host for the collaborative optimization of
the S cathode and Li metal anode. The optimized band structure of CZO/HNC effectively
promoted ion diffusion, which, in turn, promoted the bidirectional conversion of LiPSs.
The lithophilic nitrogen dopant and the Co304/ZnO site jointly regulated the deposition
of dendritic lithium. The above synergistic effect resulted in the S@CZO/HNC cathode
exhibiting excellent cycling stability at 2 C, with a capacity decay of only 0.039% per
cycle over 1400 cycles, while the symmetrical Li@CZO/HNC cell achieved stable lithium
plating/stripping behavior over 400 h. The Li-S full cell exhibited an astonishing cycle
life of over 1000 cycles [53]. Zhu designed a porous flexible self-supporting membrane
composed of single-walled carbon nanotubes (SWCNTs), and the intertwined conductive
network of single-walled carbon nanotubes could effectively reduce the huge volume
expansion and local current density during cycling. The main body of the lithium metal
anode was designed as a highly lithium-loving heterostructure (Mn3O4/ZnO@SWCNT),
and the constructed p-n-type heterojunction generated a built-in electric field to promote
electron transfer and Li* migration. As a pre-implanted nucleation site, the strong binding
of lithium-philic Mn3zO,4/ZnO particles to lithium atoms significantly reduce the lithium
nucleation barrier. As a result of the above-mentioned synergistic effects, symmetrical cells
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composed of Mn304/ZnO@SWCNT-Li can stably remained low for more than 2500 h at

1mA cm 2 and 1 mAh cm 2 [54].
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Figure 3. Schematic representation of (a) the deposition and growth during the Li plating process with
its electrochemical performance [41]. (b) The synthesis procedure of fibrous TiO,@VN heterostructure
with its electrochemical performance [52]. (¢) The role played by CZO/HNC in the Li-S full cell [53].
(d) The synthesis of Mn3O4/ZnO@SWCNT with its electrochemical\performance [54].

Table 1. The progress and electrochemical performance of LMBs in Section 2.2.
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Li/ZIF-8@RGO 600 350 [46]
3DIO FCSe-QDs@NC 2000 8.5 4.1 [48]
ZnSe-CoSe; @NC 1000 6.08 4.1 [49]
3D CNT with MnOy coating 2000 [50]
MOF-derived carbon heterostructure (EPD) 900 [51]
Li@CZO/HNC 400 1400 [53]
Mn30,/7ZnO @SWCNT-Li 1 2500 [54]
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Figure 4. Schematic diagram of (a) a strategy to promote homogeneous Li deposition through the
“blockchain” synergy via PPy-filled HKUST-1 [47]. (b) The structure of two-in-one ZnSe-CoSe, @NC
host on anode and in situ observations of symmetric cells with pure Li and Li/ZnSe-CoSe,@NC
electrode cycling at a current density of 3 mA cm 2 [49]. (c) The multiple reaction steps involved in
Li plating in a 3D host architecture [51].

3. Electrolyte Modification
3.1. Liquid Electrolyte

Liquid electrolytes have been a focal point in lithium-ion battery research for many
years. The nature of the solid electrolyte interphase layer is primarily influenced by the
properties of the organic electrolyte, making the optimization of salt-solvent combina-
tions an effective strategy for generating uniform and robust SEI layers. In recent years,
some novel electrolyte materials and additive have emerged [55]. Currently, mainstream
modified electrolytes are mainly divided into two categories: the in situ construction of
lithium-rich SEI by adding an appropriate amount of fluorinated compounds as electrolyte
additives to commercial electrolytes, and the addition of sacrificial additives.

Based on the influence of solvent polarity and donor number on Li* solvation, solvent
design with functional structure can increase the number of Li*-anion coordination and
thus form inorganic species-rich SEI on the Li anode, as shown in Figure 5. Kim proposed
a design strategy for suspended electrolytes to achieve the above objectives: a mixture of
inorganic nanoparticles (Li,O) and liquid electrolytes was used as the electrolytes. The
electrolytes were suspended carbonate electrolyte (SCE), suspended fluoride electrolyte
(SFE), and suspended LHCE (SLHCE) and were compared. The interfacial interaction
between the Li; O surface and the surrounding Li* solvated shell achieved the interaction
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between Li;O and the surrounding liquid electrolyte. This decreased the Li*-solvent
coordination and increased the Li*-anion coordination, thereby changing the Li* solvation
environment, forming a weak solvation environment, promoting lithium-ion mobility, and
stabilizing the formation of SEI [56].

In recent years, there have been innovative modification ideas for traditional additives
such as LiNO3. Hou amplified the positive effects of -NO3 by modifying it to enhance
its reducibility. -NO3 was linked in isosorbide mononitrate to ether groups to break its
resonant structure in nitrate esters, thereby significantly improving its reducibility. The
decomposition of -NOj3 resulted in SEI enriched with abundant LiNxOy and induced
even deposition of Li, which have potential commercial application prospects [57]. Zhao
confirmed that LiNO3 could serve as an effective salt additive for carbonate electrolyte
solvents and ether electrolytes. Previous efforts on high solubility of LiNO3; could not be
achieved in carbonate ester solvents. This may have been caused by the use of mixtures
of cyclic/linear carbonate ester solvents (which contained other additives) as battery
electrolytes. Cyclic carbonate ester solvents (such as ethylene carbonate) could dissolve
up to 0.7 M LiNOj without any additives, significantly improving the reversibility of the
anode and demonstrating that LiNOj3-rich carbonate ester electrolytes could significantly
enhance the stability of LMBs [58].

Pal developed an ether-assisted ionic liquid electrolyte to provide superior lithium metal
deposition, high voltage (5 V) stability, and ultra-safety: ether solvent 1,2,2 dimethoxyethane
(DME) was added to the electrolyte with a high lithium salt concentration of N-
methylNpropylpyrrolidine bis(fluorosulfonyl)imide (C3mpyrFSI). This provided the bet-
ter possible improvements in ionic conductivity, lithium diffusivity, and lithium plat-
ing/stripping kinetics, resulting in stable, high-speed cycling for lithium-metal /LFP (3.5 V)
batteries. In the batteries with LiNipgMng 1Co(10; (4.4 V) and LiNiy¢Mng»,Coy»0, (4.3 V)
as the cathode and Li as the anode, high Coulombic efficiency was achieved at both room
temperature and high temperature. The ether ionic liquid chemistry enabled the ideal
lithium plating morphology with high pile-up density, leading to minimal formation of
“dead” or non-active lithium and dendrite-free long-term cycling [59].

In the non-flammable triethyl phosphate (TEP)-based electrolyte with
tris(hexafluoroisopropyl) phosphate (THFP) as an additive, the polarity of the C-F bond
and the abundant CF; group in THFP reduced the highest occupancy molecular orbital
(LUMO) and lowest unoccupied molecular orbital (HOMO) energy levels in THFP. The
reduction of THFP contributed to the formation of a stable and lithium-rich SEI layer, which
improved the binding capacity of PF¢™ anions, significantly inhibited the growth of lithium
dendrites, and reduced the decomposition of electrolytes. At the same time, THFP is also
involved in the formation of a thin, CF-containing electrolyte interface layer (CEI), allowing
it to provide stable cycling of the cathode at high pressures. Lil | Li and THFP-added
full-Li/NCM622 cells exhibited low polarization and long cycle life [60]. Another approach
is to slow down Li dendrite growth by protecting the electrolyte from trace amounts of
H,O. Hexafluoropropylene oxide (HFPO) was proposed as an additive to the electrolyte to
induce a hydrophobic Li*-solvent coordination structure. The hydrophobicity of HFPO, as
well as the olefin groups and non-polar perfluorocarbon chains (-CF,CF,CFj3), protected
symmetrical cells from a slight attack by H,O and avoided the formation of ionic insulation
decomposition products on the lithium anode and cathode. The LUMO and HOMO corre-
sponding to HFPO made it reduce/oxidize on both the lithium anode and cathode, forming
a rich organic SEI film and cathode electrolyte interface layer (CEI), which could adapt
to the evolution of the anode/cathode structure [61]. Metal ions and organic polymers
were used as electrolyte additives to effectively control lithium-ion deposition and alleviate
lithium dendrite problems, thereby improving the coulombic efficiency and stability of
lithium-ion batteries. When lithium nitrate additives and small amounts of tetramethy-
lurea (TMU) were introduced into commercial carbonate electrolytes as multifunctional
co-solvents, normally insoluble NO3~ ions can be incorporated into the solvation structure
of Li* ions to form conductive and stable SEIs. The solvation structure was controlled,
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and the scavenging effect could be used to inhibit the production of HF [62]. Fluorinated
aromatic diluent was introduced into the high-concentration electrolyte, where the diluent
was paired with anions to facilitate the formation of a uniform and robust SEI. Their syner-

gistic effect on the SEI endowed Li metal with extraordinarily high coulombic efficiency as
high as 99.8% [63].
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stabilization of SEI: reduction of NO3 with resonance structure to form SEI containing LiNOy.
Then, NO3 was modified to improve the reducibility and form LiNxOy-rich SEI [57]. (c) Mechanism
of HFAC on the formation of organic-rich SEI layer and inhibition of LiPFs decomposition [61].
(d) Interaction of SEI composition, solvation structure, morphology of lithium deposit, HF attack, CEI
thickness, and electrochemical performance in CCE and CCE-TMU/LiNOj electrolytes [62]. (e) The
electrolyte structure and the correspondingly formed SEI in TTE-diluted and TEMB/BZTF-diluted
HCEs [63].

3.2. Solid-State Electrolyte

SSBs can increase energy density and eliminate the safety risks associated with
flammable liquid electrolytes found in traditional lithium-ion batteries. Companies in
the automotive and battery industries are already planning research and development
in the field of SSBs [64,65]. Yi coated a non-flammable gel layer on the surface of CPE
and designed a multilayered hybrid electrolyte (MHE) to eliminate the safety hazards of
solid-state lithium-ion batteries. The hydrogen bonding interaction between F and H atoms
allowed the solvent to easily anchor the TFSI™ anion in the liquid electrolyte. The gel
layer was therefore well compatible with the lithium metal anode. Coupled with the good
mechanical properties of CPE, the prepared MHE had a wide electrochemical window, a
high ion mobility number, and ionic conductivity [66]. Zhang discovered that the blending
of different polymers significantly enhanced the high-temperature deformation resistance
of materials, and the use of dual-salt could strengthen the migration of lithium in solid
substrate. As a result, a solid polymer electrolyte composed of a blend of polymers with
polyethylene oxide (PEO) and polyvinylidene difluoride (PVDF) was developed, which is
suitable for large-scale production and an ideal choice for high-temperature solid polymer
batteries. In the PEO/PVDF blend matrix, the battery performance is excellent, and the
presence of PVDF can maintain the shape of the membrane, avoid short circuits, and
improve the safety of battery operation at high temperatures [67]. Ma designed a novel
scalable, ultra-thin, high-temperature-resistant solid electrolyte (SPE) to provide a stable
SSE/lithium-containing LiF and Li3N interface. The SPE included an electro spun poly-
acrylonitrile (PAN) matrix and a polyethylene oxide (PEO)/lithium salt-ion conductor with
excellent mechanical strength, which effectively inhibited lithium dendrites, prevented
short circuits, and improved the performance of symmetrical lithium-ion batteries [68].

Kang produced SE with high ionic conductivity from a high dielectric constant poly-
mer that could strongly interact with lithium salts. This polymer had a significant dipole
moment that directed the transport of lithium ions (Li*) along the chain, facilitating their
continuous jumping in the solid polymer electrolyte (SPE) system [69]. In the solid elec-
trolyte layer, the low porosity of oxide-based SE requires very high sintering temperatures
to achieve, accompanied by poor interfacial contact. However, the most typical MOF-based
SEs have high production costs, redundant preparation processes, and poor thermal sta-
bility, which is the most critical issue. Additionally, the relatively low ionic conductivity
of both oxide-based SE and MOF-based SE at room temperature greatly limits the crit-
ical current density and high-rate performance of the battery, which is one of the great
challenges in battery performance optimization. At present, most of the strategies using
liquid alkali metal anode/interface layer have achieved some success in inhibiting alkali
metal dendrite growth and improving the cycling stability of the battery. The highly con-
ductive liquid anode has a strong ability to dissolve alkali metals even after nucleation is
completed, and it is an effective strategy to fundamentally inhibit dendrite growth. How-
ever, attention needs to be paid to the safety performance of SEs and liquid alkali metal
anodes/interface layers to prevent short circuits caused by liquid flow. Considering the
above, Peng proposed a new system that combines a sulfide-based solid electrolyte with
a liquid metal lithium anode (Li-Bp-DME), which further improved battery performance
while retaining the inherent advantage of Li-Bp-DME in suppressing lithium dendrite
nucleation and growth. Compared with other SEs, these sulfide-based SEs had superior
ionic conductivity at room temperature and better high-rate charge-discharge performance,
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which could almost completely block the penetration of Li-Bp-DME, and greatly improved
the cycling stability and lifetime. The addition of a polymer interface layer in the system
further improved the compatibility and stability of Li-Bp-DME with sulfide-based solid
electrolytes at the interface. The new battery structure using sulfide-based SEs, liquid
metal lithium anodes (Li-BpDME), and interface optimization achieved long cycle life and
record-breaking high critical current density up to 17.78 mA em 2 [70]. Liy_PS¢_Cly
(x=0.6,1.0, 1.3, 1.45, and 1.6) electrolytes were characterized physically in situ and in
situ, chemical, and electrochemical studies. During the synthesis process of the SE, the
distribution of Cl and the cooling process have a significant influence on the microstructure,
interface composition, and morphology evolution of the Li| SE interface. For SEs with an
appropriate amount of Cl, Cl atoms form interconnected LiCl nanoparticles on the surface
of the SE grains, which can extend into a LiCl framework. This is beneficial for Cl ions
to migrate to the interface during electrochemical cycling, thereby improving the cycling
performance of the battery [71].

4. Interface Design Modification
4.1. Separators

Regarding the growth of anode metal dendrites, functional separators and interlayers
are also an innovative method for defect remediation. Common methods include intro-
ducing a protective layer as an artificial SEI (anode) and comprehensive improvement of
the wetting of the electrolyte and the uniformization of ion flux (anode and cathode) [72].
Separators are widely studied as a better alternative that involves the preparation of a
special functional membrane and the use of its interaction with free solvent molecules
to filter out the free molecules and obtain a high concentration of electrolyte after dis-
solution. The absence of expensive and toxic additives to the electrolyte is the biggest
advantage of the separator. Lithium metal batteries assembled with functional separators
can generally operate efficiently at room temperature, improving battery safety, as shown
in Figures 6 and 7. Figure 6 summarizes the schematic diagram of Separators, and Figure 7
summarizes the schematic diagram of Artificial SEL
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Figure 6. Separators: Schematic of (a) preparation process and schematic cross-section of vitrified

specimens [73]. (b) Synthesis of LiF-rich SEIs: SAMs with carboxy-terminal groups accelerate
the reduction process of LiTFSI by dipole moment directed electron provision [74]. (c) Internal
construction of sandwich-structured MOFs/NA /MOFs hybrid separators [75].

Zhang used thin-film vitrification to retain the cell’s electrode-electrolyte interface in
its native organic liquid electrolyte environment. Using cryogenic scanning transmission
electron microscopy characterization, the complete structure and chemical properties of the
metal lithium battery interface were studied, and it was found that SEI expansion could be
effectively alleviated by increasing the electrode/electrolyte interface area and changing
the composition and thickness of SEI. Since the presence of solvents in SEI reduces the
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distance required for electron tunneling during electrolyte decomposition, solvent diffusion
may play a more important role in the ongoing formation of SEI than other factors [73]. Liu
designed self-assembled monolayers (SAMs) with high-density and long-range ordered
polar carboxyl groups connected to alumina-coated separators. They could provide a
strong dipole moment while providing excess electrons to accelerate the degradation
kinetics of carbon-fluorine bonds in Li bis (oxalato) borate. The resulting SEI rich in LiF
nanocrystals promoted rapid transfer of Li* and inhibited dendrite growth. In particular,
the SAMs significantly enhanced the cycling performance of the whole cell under high-
cathode loading, limited lithium excess, and poor electrolyte conditions [74]. A sandwich
MOEF/PEN@PDA /MOF multifunctional membrane was fabricated through the in situ
growth of ordered anionic MOF layers on both sides of a pre-modified polyether nitrile
(PEN) porous super engineering film by polydopamine pre-treatment. The optimized
membrane completed the task of guiding the migration of lithium ions, limiting the free
migration of anions, balancing the internal electric field, and prolonging the nucleation
time of lithium dendrites, resulting in a high Li-ion transfer number of 0.81. Moreover, the
multifunctional membrane showed better thermal stability than traditional polypropylene
membranes. With reduced interfacial side reactions, the optimized battery exhibited highly
stable cycles over 500 h. The assembled LFP/Li battery with the optimized membrane
even showed steady cycling performance and a coulombic efficiency as high as 98% even
at 90 °C [75]. The unique characteristics of covalent organic frameworks (COFs) make it a
potential separator to address the issues mentioned above. COFs have a strong affinity with
Li+, but the relationship with solvent molecules in electrolyte is exclusive. According to
the above principle, Yang synthesized a self-loading COF membrane (TPB-BD(OH),-COF)
as a separator for lithium metal batteries, which realized the aggregation of electrolyte
and reduced the side effects of free solvent and lithium metal. The separator worked well
even under extreme conditions (60 °C) [76]. Wang used MoP@NC composites modified
with N-doped thin carbon layer (MoP@NC) and porous carbon nanofibers (PCNF) to
coat the surface of the Celgard separator in an attempt to solve the problem of low sulfur
utilization rate and short cycle life of lithium-sulfur batteries. The MoP@NC materials
extracted from molybdenum-based MOFs (Mo-MOFs) had abundant pore volumes and
multiple catalytic sites, and they presented rod-like morphologies with uniform structure
and stable properties. PCNFs and N-doped thin carbon layers could effectively alleviate
volume expansion, buffer electrolytes, and capture LiPS. When used as a modified layer
on a separator, MoP@NC /PCNFs-based cells had optimized lithium and sulfur affinities,
achieving ideal sulfur electrochemistry, and could be applied to high-performance Li-S
batteries [77].

4.2. Artificial SEI

The Li deposition process is primarily controlled by the SEI on the metal surface,
making the design of artificial SEI a crucial approach for regulating lithium electrode-
position. The main objective of designing an SEI layer on the metal lithium anode is to
enhance the ionic conductivity of the SEI, thereby reducing the loss of lithium ions from
the metal surface. Additionally, the construction of artificial SEI with improved mechanical
properties can also suppress mechanical failures (fracture/cracking) caused by dendrite
growth or interfacial displacement [78].

Ju developed a versatile artificial SEI that uses commercially produced soy protein
fibers (SPF) to stabilize the metal lithium anode. The abundance of polar functional groups
in its protein molecules could promote consistent lithium-ion flux and induce uniform
lithium deposition. Lithium-philic and porous SPF could significantly alleviate the ion
concentration gradient between electrodes, contributing to the deposition of biomimetic
lithium along the fiber structure. The introduced SPF promoted the formation of SEI struc-
tures rich in LiF nanocrystals after cycling, thereby achieving low interfacial impedance
and fast charge transfer kinetics, greatly reducing the concentration gradient of lithium
ions, and achieving uniform distribution of lithium ions [79].
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It is generally accepted that dendrite growth is thought to be related to the average
stress during plating/stripping and the elastoplastic deformation of lithium metal and
SEI. Theories such as the Butler—Volmer reaction kinetics of local current distribution,
the space charge layer, and the mass transfer limit near the electrode surface have been
proposed to explain the mechanisms of electrochemical and mechanical processes. Liu
developed an electrochemical-mechanical model involving electrochemical kinetics and
mechanics to simulate the performance manipulation of artificial SEI to achieve uniform
lithium electrodeposition, mainly developed from a modified version of the Butler—Volmer
equation. The model included an electric field, a stress field, and a lithium-ion concentration
field, and the author described the process of electrodeposition at the interface between SEI
and lithium metal. The results showed that the ionic conductivity and Young’s modulus
of SEI played an important role in the deposition behavior of lithium battery. If the ionic
conductivity of SEI was increased above the critical level, the stress concentration was
significantly reduced, and Li was preferentially deposited. When the SEI had sufficient
mechanical strength (Young’s modulus of about 4.0 GPa), the inhomogeneous deposition
was reduced. On top of this, increasing the ionic conductivity could further improve the
performance of the battery [80]. Zhang used an electrochemical phase field (PF) model
to simulate inhomogeneous lithium deposition in porous lithium metal anodes. In the
four factors studied: the porosity of the lithium metal anode, the diffusion coefficient
of lithium ions, the reaction constant of lithium deposition, and the structural electrode
with porosity gradient, it can be found that the lithium deposition in the pores can be
improved by increasing the diffusion coefficient of lithium ions and designing lithium metal
anodes with reaction constant gradient and porosity gradient [81]. On carbon fiber cloth
(CoSer-NC@CFC), a layered 3D structure using CoSe, nanoparticles to anchor nitrogen-
doped carbon nanosheet arrays was established to regulate lithium nucleation/plating
processes and stabilize the electrolyte anode interface. Due to the enhanced lithium affinity
of CoSey-NC, LiySe and Co nanoparticles formed in situ during the initial nucleation
process, as well as the large pore space, could induce uniform Li nucleation/plating,
optimize the SEI, and reduce volume changes [82].

Zhang selected 1-butyl-1-methylpyrrolidine bis (trifluoromethanesulfonyl) imide
(BMI-TFSI) as the initiator to promote the formation of an artificial SEI protective layer be-
tween PIA-SPE and the metal lithium anode, providing it with more TFSI-anionic groups. A
stable SEI layer (consisting of LiF, Li;Sy, and Li3N) was formed in situ on the electrolyte/Li
surface, which promoted uniform deposition of lithium [83]. Li achieved an ideal lithium
metal anode by the reaction of porous polymer backbone macromolecular brush (polyethy-
lene glycol) methyl methacrylate, super-cross-linked polystyrene nanospheres (representing
xPCMS-g-PEGMA) and single-ion conductive lithiation Nafion. The porous xXPCMS core
with a rigid hyper-crosslinked framework significantly improved the mechanical strength,
providing sufficient channels for rapid ion conduction. Flexible PEGMA and lithiated
Nafion polymers formed a structurally stable artificial protective layer that provided uni-
form Li diffusion and high Li migration number. The structure enabled ultra-high current
density, unprecedented reversible lithium plating /stripping, and ultra-long-term stable
cycling [84].

4.3. Buffer Layer

Aiming at the problems of poor physical contact and serious interface reaction at
the negative electrode interface, the construction of a buffer layer on the surface of the
solid electrolyte can improve the contact between the negative electrode interface and
alleviate the interface chemical reaction [85]. Shen developed reduced Graphite oxide (RGO)
coupled porous MoO,-Mo3Nj; heterojunction nanoribbons decorated copper collector
(GMM@Cu) used for high-performance LMBs. The composite collector with functional
interface had rich nucleation sites. Electroplating Li,O and Li3zN, which are lipophilic to
lithium, effectively accelerated the Self-diffusion of lithium ions in BIEF and promoted
the uniform electrodeposition of lithium. The synergistic effect of the built-in electric
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field formed by good interface contact and the dense, lithium-rich SEI layer promoted
charge transfer and ion diffusion and improved the uneven lithium-ion flux to suppress
the growth of dendrites. In addition, the introduction of flexible Graphene layer improved
the structural integrity and electron transport dynamics [86].

Zhang constructed a value-gradient iron-based protective layer on the Li anode and
applied it to various batteries, which proved the superiority of the protective layer in the
protection of lithium anode. The protective layer consisted of an outer layer containing
Fe®* /Fe?* and an inner layer containing Fe’, which not only isolated the lower layer of
lithium metal from the corrosive carbonate electrolyte, but also stored lithium evenly
during the plating process to inhibit lithium dendrite growth, exhibiting dendrite-free
lithium plating/stripping behavior. The Li symmetrical battery ran stably for 1000 h at
1 mA cm~2 and 1 mAh cm™2, and it even survived for 380 h at 30 mAh cm~2 ultra-high
capacity. The lithium anode achieved high performance in LiFePO, batteries with 1600
and 1000 cycles of stable operation at 5 °C, respectively. Its high-load LiCoO; cells also
exhibited excellent cycling stability and rate capability [87].
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Figure 7. Artificial SEI: schematic diagram of (a) the SPF-mediated Li metal anode before and after
cycling [79]. (b) Electrodeposition of Li at the interface between the bulk metal electrode and SEI
(electrochemical kinetics and mechanical stresses) [80]. (c) Preparation route for CoSe;-NC@CFC [82].
(d) The PIA-SPE [83].

5. Conclusions and Prospects

Lithium anode protection is a critical aspect of ensuring the stability and safety of
lithium-ion batteries. Advances in SEI engineering, composite solid electrolytes, and elec-
trode architectures have shown great potential in overcoming the challenges associated with
lithium metal anodes. Continued research efforts to address the remaining challenges will
pave the way for the widespread application of high-energy-density lithium-metal-based
batteries in various industries. Advanced Li metal anode, electrolyte modification, and
interface design modification collaboratively operate to solve the technical problems faced
by the Li metal anode. These strategies not only solve the single problem but can usually
solve several problems at the same time. Even so, there are still some challenges to improv-
ing the performance of lithium anodes in lithium batteries. First of all, the performance of
the protective material itself needs to be further improved, and it is necessary to develop
the composite properties of new materials or materials, exploring new combinations and
new functions, such as the combination of special films and bonds. Secondly, although
a modification strategy with high comprehensive performance has been developed, the
problem of dendrite growth has not been completely solved, and its nucleation and growth
mechanism lack sufficient understanding, so further theoretical research is needed using
machine learning, artificial intelligence, and theoretical calculation. For example, electro-
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chemical mechanical modeling, multi-field simulation, electrochemical phase field, and
other means are used to analyze and predict the inhomogeneous lithium deposition process
and control the factors, so as to guide the actual deposition behavior and create better
performance. Finally, due to the fact that most of the dendrite growth processes are not
observed in time, there is a lack of research on the in situ evolution mechanism of the
lithium metal anode interface, and more appropriate in situ analysis techniques need to be
developed to analyze and understand the evolution behavior of the interface. Under the
development trend of button cell battery to pouch battery, how to better contact with other
components in the all-solid-state battery without affecting the interaction is a problem that
lithium metal anode still needs to face. Researchers are needed to create more novel SEIs or
electrolytes. Regarding the performance improvement strategy of lithium anode in lithium
batteries, it can be developed in theoretical calculation and comprehensive regulation in
the future.
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