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Abstract: With the pressure for renewable energy resources and the increasingly digitalized current 

lifestyle, the need for batteries will increase. Therefore, this article has evaluated promising alternative 

alkali metals for sodium-ion and potassium-ion batteries. A comprehensive investigation on hydrogen 

grabbing by Li2[SiO–SnO], Na2[SiO–SnO], or K2[SiO–SnO] was carried out using density functional 

theory (DFT). The values detect that with adding lithium, sodium and potassium, the negative atomic 

charge of oxygen atoms of O2, O3, O7–O12, O14, O15, O17, O18, O22–O27, O29, O30 in Li2[SiO–

SnO]–2H2, Na2[SiO–SnO]–2H2 or K2[SiO–SnO]–2H2 nanoclusters increases. The differences of charge 

density for these structures are measured as: ΔQ Li2[SiO–SnO] = –0.002, ΔQ Na2[SiO–SnO] = –0.009, and ΔQ 

K2[SiO–SnO] = –0.00. Therefore, the results have shown that the cluster of Na2 [SiO–SnO] and Li2 [SiO–

SnO] may have the highest electron-accepting ability owing to hydrogen grabbing. The hypothesis of 

the hydrogen adsorption phenomenon was confirmed by density distributions of CDD, TDOS, and ELF 

for nanoclusters of Li2[SiO–SnO]–2H2, Na2[SiO–SnO]–2H2, or K2[SiO–SnO]–2H2. The fluctuation in 

charge density values demonstrates that the electronic densities were mainly located in the boundary of 

adsorbate/adsorbent atoms during the adsorption status. The advantages of lithium, sodium, or 

potassium over Si/ Sn are that they possess higher electron and hole mobility, allowing lithium, sodium, 

or potassium instruments to operate at higher frequencies than Si/ Sn instruments.  
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model; energy-saving. 

© 2025 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 

distribution, and reproduction in any medium, provided the original work is properly cited. The authors retain copyright of 

their work, and no permission is required from the authors or the publisher to reuse or distribute this article, as long as proper 

attribution is given to the original source. 

1. Introduction 

With the increasing global demand for energy, there is an essential need for alternative, 

efficient energy storage systems. This is driving research into non-lithium battery systems. This 

paper presents comprehensive research on non-lithium battery technologies, specifically 

sodium-ion and potassium-ion batteries [1–10]. Along with sodium ion, potassium ion is the 

prime chemistry replacement candidate for lithium-ion batteries. Potassium-ion has certain 

advantages over similar lithium-ion, such as the cell design being simple and both the material 

and the fabrication procedures being cheaper. The key advantage is the abundance and low cost 

of potassium in comparison with lithium, which makes potassium batteries a promising 

candidate for large-scale batteries such as household energy storage and electric vehicles. 
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Another advantage of a potassium-ion battery over a lithium-ion battery is potentially faster 

charging [11–20]. 

Recently, Si-, Ge-, or Sn-carbide nanostructures have been suggested as engaged H-

grabbing compounds [21–32]. Since the polarizability of silicon is more than that of carbon, it 

is supposed that Si–C/Si nanosheet might attach to compositions more strongly in comparison 

to the net carbon nano-surfaces [33–41].  

In our previous works, the investigation of energy storage in fuel cells through 

hydrogen adsorption has been accomplished using DFT calculations through different 

nanomaterials consisting of silicon/germanium/tin/lead nano-carbides, magnesium-aluminum 

alloy, and aluminum/carbon/ silicon doping boron nitride nanocage [42–44].  

Nanomaterials with remarkable specific structures indicate promising applications in 

the field of energy storage, electrocatalysis, and fuel cells. Currently, the present research aims 

to explore the possibility of using Li2[SiO–SnO], Na2[SiO–SnO], or K2[SiO–SnO] nanocluster 

for hydrogen storage by employing first-principles calculations. We have analyzed the 

structural and electronic properties of Li2[SiO–SnO], Na2[SiO–SnO] or K2[SiO–SnO] 

nanocluster and hydrogen-adsorbed  nanoclusters of Li2[SiO–SnO]–2H2, Na2[SiO–SnO]–2H2 

or K2[SiO–SnO]–2H2. using state-of-the-art computational techniques. The current manuscript 

provides focused research on these Li/Na/K incorporated cathode materials for Na/K/Li-ion 

batteries. 

2. Materials and Methods 

The idea of lithium/sodium/potassium incorporated cathodes for both Li/Na/K-ion 

batteries has gained significant consideration throughout the past decade. The encouraging 

performance of various reported Li/Na/K incorporated cathode systems has the potential to 

review the exciting developments made so far to clearly understand the effect of numerous 

variables in improving electrochemical performance. The goal of this study is to hydrogen 

adsorption by using alkali metals-based nanoclusters of Li2[SiO–SnO], Na2[SiO–SnO], or 

K2[SiO–SnO] (Figure 1), which can increase the hydrogen storage in cell batteries, transistors 

or other semiconductors. In our research, the calculations have been done by density functional 

theory (DFT) computations at the Coulomb-attenuating method–Becke, 3-parameter, Lee-

Yang-Parr with Dispersion–corrected (CAM–B3LYP–D3/6–311+G (d,p)) level of theory [45].  

 

 
Figure 1. Adding Li, Na, K to [SiO–SnO] nanocluster and formation of  Li2[SiO–SnO], Na2[SiO–SnO], and  

K2[SiO–SnO] towards energy storage in novel batteries. 
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CAM-B3LYP yields atomization energies of similar quality to those from B3LYP 

while also performing well for charge transfer excitations, which B3LYP underestimates 

enormously. Fig.1 shows the process of hydrogen adsorption by Li2[SiO–SnO], Na2[SiO–SnO] 

or K2[SiO–SnO] nanocluster and hydrogen-adsorbed nanoclusters of Li2[SiO–SnO]–2H2, 

Na2[SiO–SnO]–2H2 or K2[SiO–SnO]–2H2. The Bader charge analysis [46,47] was discussed 

during the trapping of hydrogen atoms by Li2[SiO–SnO], Na2[SiO–SnO], or K2[SiO–SnO] 

nanoclusters (Figure 1). Bader charge analysis is a code for the analysis of charge density with 

an intuitive way of dividing molecules into atoms. Bader uses what are called zero flux surfaces 

to divide atoms [46,47]. The rigid potential energy surface using density functional theory [48–

61] was performed due to the Gaussian 16 revision C.01 program package [62] and GaussView 

6.1 [63]. The coordination input for hydrogen grabbing by Li2[SiO–SnO], Na2[SiO–SnO], and 

K2[SiO–SnO]  has lanl2dz and applied 6-311+G (d,p) basis sets.  

3. Results and Discussion 

3.1. Charge density differences analysis. 

The amounts of charge density differences (CDD) [64] are measured by considering 

isolated atoms or noninteracting ones. The mentioned approximation can be the lightest to use 

because the superposition value may be received from the primary status of the self-consistency 

cycle in the code that carries out the density functional theory (Figure 2a, a′, b, b′, c, c′). 

 

  

 
Figure 2. CDD graphs for (a) Li2 [SiO–SnO]; (a′) Li2[SiO–SnO]–2H2; (b) Na2[SiO–SnO]; (b′) Na2[SiO–

SnO]–2H2; (c) K2[SiO–SnO]; (c′) K2[SiO–SnO]–2H2 nanoclusters. 
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In Figure 2a, Li2 [SiO–SnO] cluster with the fluctuation in the region around –12 to +6 

Bohr forms the nanocluster of Li2[SiO–SnO]–2H2 (Fig. 2a′) in the area around –12 to +3 Bohr. 

Furthermore, the atoms of O2, O3, O7–O12, O14, O15, O17, O18, O22–O27, O29, and O30 

from Na2 [SiO–SnO] (Figure 2b) have shown the fluctuation around –12 to +4 Bohr towards 

formation of Na2[SiO–SnO]–2H2 through hydrogen adsorption (Figure 2b′). In addition, the 

K2[SiO–SnO] cluster with the fluctuation in the region around –12 to +4 Bohr (Figure 2c) 

forms the nanocluster of K2[SiO–SnO]–2H2 during hydrogen grabbing (Figure 2c′) in the same 

range of area around –12 to +4 Bohr. Atomic charge was discussed during trapping of 

hydrogens by Li2[SiO–SnO], Na2[SiO–SnO] or K2[SiO–SnO] nanoclusters towards formation 

of Li2[SiO–SnO]–2H2, Na2[SiO–SnO]–2H2 or K2[SiO–SnO]–2H2, respectively (Tables 1,2,3).  

Table 1. The atomic charge (Q/coulomb) for the atomic charge (Q/coulomb) for Li2 [SiO–SnO] and Li2 [SiO–

SnO]–2H2 nanoclusters. 

Li2[SiO–SnO] Li2[SiO–SnO]–2H2 

Atom Charge Atom Charge 

Si1 1.4573 Si1 1.4553 

O2 –0.6344 O2 –0.6351 

O3 –0.8302 O3 –0.8307 

Si4 1.4127 Si4 1.4141 

Si5 1.4358 Si5 1.4341 

Si6 1.4682 Si6 1.4675 

O7 –0.7257 O7 –0.7262 

O8 –0.8375 O8 –0.8376 

O9 –0.7850 O9 –0.7852 

O10 –1.0023 O10 –0.9966 

O11 –0.8108 O11 –0.8106 

O12 –0.9495 O12 –0.9484 

Si13 1.4092 Si13 1.4139 

O14 –0.7621 O14 –0.7657 

O15 –0.6962 O15 –0.6961 

Sn16 1.6967 Sn16 1.6983 

O17 –0.8091 O17 –0.8088 

O18 –0.8840 O18 –0.8840 

Sn19 1.6929 Sn19 1.6891 

Sn20 1.6650 Sn20 1.6644 

Sn21 1.6925 Sn21 1.6902 

O22 –0.8436 O22 –0.8442 

O23 –0.8919 O23 –0.8916 

O24 –1.0461 O24 –1.0419 

O25 –0.9047 O25 –0.9049 

O26 –1.0012 O26 –0.9981 

O27 –0.9401 O27 –0.9404 

Sn28 1.7846 Sn28 1.7871 

O29 –0.8839 O29 –0.8850 

O30 –0.8610 O30 –0.8623 

Li31 0.7057 Li31 0.6002 

Li32 0.6790 Li32 0.5841 

  H33 –0.0216 

  H34 –0.0070 

  H35 0.1229 

  H36 0.1010 
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Table 2. The atomic charge (Q/coulomb) for the atomic charge (Q/coulomb) for Na2[SiO–SnO] and Na2 [SiO–

SnO]–2H2 nanoclusters. 

Na2[SiO–SnO] Na2[SiO–SnO]–2H2 

Atom Charge Atom Charge 

Si1 1.4607 Si1 1.4593 

O2 –0.6355 O2 –0.6360 

O3 –0.8304 O3 –0.8308 

Si4 1.4046 Si4 1.4067 

Si5 1.4414 Si5 1.4399 

Si6 1.4617 Si6 1.4642 

O7 –0.7259 O7 –0.7262 

O8 –0.8374 O8 –0.8375 

O9 –0.7871 O9 –0.7873 

O10 –0.9997 O10 –0.9963 

O11 –0.8130 O11 –0.8125 

O12 –0.9665 O12 –0.9657 

Si13 1.3821 Si13 1.3886 

O14 –0.7677 O14 –0.7704 

O15 –0.7022 O15 –0.7025 

Sn16 1.7081 Sn16 1.7104 

O17 –0.8097 O17 –0.8091 

O18 –0.8850 O18 –0.8848 

Sn19 1.6980 Sn19 1.6954 

Sn20 1.6640 Sn20 1.6662 

Sn21 1.6977 Sn21 1.6949 

O22 –0.8451 O22 –0.8453 

O23 –0.8917 O23 –0.8912 

O24 –1.0612 O24 –1.0584 

O25 –0.9072 O25 –0.9070 

O26 –1.0300 O26 –1.0277 

O27 –0.9335 O27 –0.9337 

Sn28 1.8213 Sn28 1.8369 

O29 –0.9000 O29 –0.8913 

O30 –0.8629 O30 –0.8636 

Na31 0.7785 Na31 0.6955 

Na32 0.6636 Na32 0.5764 

  H33 –0.0261 

  H34 –0.0092 

  H35 0.0976 

  H36 0.0802 

Table 3. The atomic charge (Q/coulomb) for the atomic charge (Q/coulomb) for K2[SiO–SnO] and K2 [SiO–

SnO]–2H2 nanoclusters. 

K2[SiO–SnO] K2[SiO–SnO]–2H2 

Atom Charge Atom Charge 

Si1 1.4624 Si1 1.4570 

O2 –0.6361 O2 –0.7018 

O3 –0.8295 O3 –0.8283 

Si4 1.4046 Si4 1.4138 

Si5 1.4401 Si5 1.4582 

Si6 1.4615 Si6 1.4460 

O7 –0.7257 O7 –0.6628 

O8 –0.8319 O8 –0.8282 

O9 –0.7862 O9 –0.7873 

O10 –1.0556 O10 –1.0637 

O11 –0.8084 O11 –0.8043 

O12 –0.9863 O12 –0.9631 

Si13 1.3583 Si13 1.3548 

O14 –0.7718 O14 –0.7182 
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K2[SiO–SnO] K2[SiO–SnO]–2H2 

Atom Charge Atom Charge 

O15 –0.7076 O15 –0.7797 

Sn16 1.6953 Sn16 1.6941 

O17 –0.8053 O17 –0.8042 

O18 –0.8792 O18 –0.8785 

Sn19 1.6956 Sn19 1.6945 

Sn20 1.6553 Sn20 1.6574 

Sn21 1.6987 Sn21 1.6947 

O22 –0.8455 O22 –0.8460 

O23 –0.8881 O23 –0.8874 

O24 –1.1110 O24 –1.1122 

O25 –0.9047 O25 –0.9056 

O26 –1.0603 O26 –1.0608 

O27 –0.9230 O27 –0.9247 

Sn28 1.6830 Sn28 1.6925 

O29 –0.8952 O29 –0.8976 

O30 –0.8646 O30 –0.8653 

K31 0.8884 K31 0.8432 

K32 0.8731 K32 0.8584 

  H33 –0.0564 

  H34 –0.0387 

  H35 0.0858 

  H36 0.0647 

 

The atomic charge of Si, Sn, O, and alkali metals of Li, Na, K, and hydrogen atoms 

absorbed on Li2[SiO–SnO], Na2[SiO–SnO], or K2[SiO–SnO] nanoclusters have been 

measures. The values detect that by adding lithium, sodium and potassium, the negative atomic 

charge of oxygen atoms of O2, O3, O7–O12, O14, O15, O17, O18, O22–O27, O29, O30 in 

Li2[SiO–SnO]–2H2, Na2[SiO–SnO]–2H2 or K2[SiO–SnO]–2H2 nanoclusters augments. In fact, 

Li2[SiO–SnO], Na2[SiO–SnO], or K2[SiO–SnO] nanoclusters have shown more efficiency than 

SiO–SnO cluster [30] for admitting the electron from electron donor of H33, H34, H35, and 

H36 (Tables 1,2,3). 

The changes of charge density analysis in the adsorption process have illustrated that 

Li2 [SiO–SnO] has shown the "Bader charge" of –1.631 coulomb before hydrogen adsorption 

and –1.633 coulomb after hydrogen adsorption. Moreover, the changes of charge density 

analysis for Na2[SiO–SnO] have shown the "Bader charge" of –1.626 coulomb before 

hydrogen adsorption and –1.635 coulomb after hydrogen adsorption. However, K2[SiO–SnO] 

has shown the "Bader charge" of –1.574 coulomb before hydrogen adsorption and after 

hydrogen adsorption. The differences of charge density for these structures are measured as: 

ΔQ Li2[SiO–SnO] = –0.002, ΔQ Na2[SiO–SnO] = –0.009 and ΔQ K2[SiO–SnO] = –0.00. Therefore, the 

results have shown that the cluster of Na2 [SiO–SnO] and Li2 [SiO–SnO] may have the most 

tensity for electron accepting owing to hydrogen grabbing.  

3.2. DOS/TDOS analysis. 

Squirming the molecular orbital data owing to Gaussian graphs of unit altitude and 

entire width at "half maximum (FWHM)" of 0.3 eV by "GaussSum 3.0.2" have computed total 

density of states (TDOS) diagrams [65]. Regarding the adsorption behavior of hydrogen by 

Li2[SiO–SnO], Na2[SiO–SnO], or K2[SiO–SnO] nanoclusters, TDOS has been measured. This 

parameter can indicate the existence of important chemical interactions often on the convex 

side (Figure 3a,a′,b,b′,c,c′).  
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Figure 3. TDOS graphs of (a) Li2 [SiO–SnO]; (a′) Li2[SiO–SnO]–2H2; (b) Na2[SiO–SnO]; (b′) Na2[SiO–

SnO]–2H2; (c) K2[SiO–SnO]; (c′) K2[SiO–SnO]–2H2 nanoclusters. 

 

During the formation of the Li2[SiO–SnO] cluster, Figure 3a showed sharp and 

sophisticated peaks of around –0.3, –0.45, and –0.60 a.u. due to the covalent bond between two 

atoms of Li2 with SiO–SnO cluster. Moreover, Li2[SiO–SnO]–2H2 has indicated a duplicate 

peak around –0.45 to –0.5 a.u. During hydrogen adsorption (Figure 3a ′). After H-grabbing by 

Na2[SiO–SnO] cluster, pointed peaks around –0.3, –0.45, and –0.60 a.u. due to a covalent bond 

between two atoms of Na with a SiO–SnO cluster (Figure 3b). Furthermore, Na2[SiO–SnO]–

2H2 has indicated a duplicate peak around –0.45 to –0.5 a.u. During hydrogen adsorption 

(Figure 3b′). However, the maximum energy of TDOS for K2[SiO–SnO] (Figure 3c) with 

several peaks around –0.35, –0.45, –0.6, and –0.75 a.u. with the maximum density of state of 

≈ 23 around –0.35 a.u. has been shown. Moreover, similar amounts of TDOS for K2[SiO–

SnO]–2H2 (Figure 3c′) through some fluctuations in the behavior of the graphs have been 

observed.  

3.3. Analysis of ELF. 

A type of scalar field called electron localization function (ELF) may demonstrate a 

broad span of bonding samples. Nevertheless, the distinction between deduced/raised electron 
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delocalization/localization into cyclic π-conjugated sets stays encouraging for ELF [66]. The 

grosser the electron localization is in an area, the more likely the electron movement is 

restricted within it. Therefore, they might be discerned from the ones away if electrons are 

totally centralized. As Bader investigated, the zones with large electron localization possess 

extensive magnitudes of Fermi hole integration [67]. However, with a six-dimensional function 

for the Fermi hole, it seems hard to study directly. Then, Becke and Edgecombe remarked that 

spherically averaged spin conditional pair probability possesses a direct correlation with the 

Fermi hole and proposed the parameter of ELF in the Multiwfn program [68,69] and 

popularized for the spin-polarized procedure [70]. 

Regarding kinetic energy, ELF was rechecked to be more punctual for both Kohn-Sham 

DFT and post-HF wavefunctions [71]. In fact, the excess kinetic energy density caused by Pauli 

repulsion was unfolded by D(r), and D0(r) may be inspected as Thomas-Fermi kinetic energy 

density. Because D0(r) brings forward the ELF as the origin, the ELF shows an affiliate 

localization. Trapping of hydrogens by Li2[SiO–SnO], Na2[SiO–SnO] or K2[SiO–SnO] 

nanoclusters towards the formation of Li2[SiO–SnO]–2H2, Na2[SiO–SnO]–2H2 or K2[SiO–

SnO]–2H2 can be defined by ELF graphs owing to exploring their delocalization/localization 

characterizations of electrons and chemical bonds (Figure 4a,a′,b,b′,c,c′). 

 

   
Figure 4. The counter map of  ELF graphs for (a) Li2 [SiO–SnO]; (a′) Li2[SiO–SnO]–2H2; (b) Na2[SiO–

SnO]; (b′) Na2[SiO–SnO]–2H2; (c) K2[SiO–SnO]; (c′) K2[SiO–SnO]–2H2 nanoclusters. 

 

A vaster jointed area engaged by an isosurface map has shown the electron 

delocalization in Li2[SiO–SnO] (Figure 4a), Li2[SiO–SnO] –2H2 (Figure 4a′), Na2[SiO–SnO] 

(Figure 4b), Na2 [SiO–SnO] –2H2 (Figure 4b′), K2 [SiO–SnO] (Figure 4c), and K2[SiO–SnO]–

2H2 (Figure 4c′) through labeling atoms of O12, Si13, O26, Ge28, X31(X=Li, Na or K) and 

H35. In fact, the counter map of ELF can confirm that Li2[SiO–SnO], Na2[SiO–SnO], or 

K2[SiO–SnO] nanocluster may increase the efficiency during hydrogen adsorption towards 

formation of Li2[SiO–SnO]–2H2, Na2 [SiO–SnO]–2H2, or K2 [SiO–SnO]–2H2 nanocluster.  

Moreover, intermolecular orbital overlap integral is important in discussions of 

intermolecular charge transfer, which can calculate HOMO-HOMO and LUMO-LUMO 

overlap integrals between the H2 molecules and heteroclusters of Li2[SiO–SnO], Na2[SiO–

SnO] or K2[SiO–SnO]. The applied wavefunction level is CAM–B3LYP–D3/6–311+G (d, p), 

which corresponds to HOMO and LUMO, respectively (Table 4).  
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Table 4. LUMO, HOMO, energy gap (∆E), Ring perimeter (Å), Total ring area (Å2) for Li2[SiO–SnO], 

Na2[SiO–SnO], K2[SiO–SnO] through hydrogen grabbing and formation of Li2[SiO–SnO]–2H2, Na2[SiO–

SnO]–2H2, K2[SiO–SnO]–2H2 heteroclusters. 

Heteroclusters 
Ring perimeter 

(Å) 

Total ring area 

(Å2) 

Dipole moment 

(debye) 

EHOMO 

(eV) 

ELUMO 

(eV) 

∆E=ELUMO –EHOMO 

(eV) 

Li2[SiO–SnO] 9.3332 5.1566 5.1802 –5.3586 –4.7074 0.6512 

Li2[SiO–SnO]–2H2 9.9121 6.6752 5.2403 –5.3156 –4.6649 0.6507 

Na2[SiO–SnO] 9.9122 6.6754 5.1335 –5.3163 –4.6563 0.6600 

Na2[SiO–SnO]–2H2 9.9121 6.6752 5.1709 –5.2916 –4.6320 0.6596 

K2[SiO–SnO] 9.9122 6.6754 5.1012 –5.3109 –4.6247 0.6862 

K2[SiO–SnO]–2H2 9.9121 6.6752 4.8892 –5.2919 –4.6393 0.6525 

 

Different factors affecting the performance of Li/Na/K incorporated cathode families 

have been discussed that can be taken into account for the development of future novel cathode 

materials demonstrating decent performance. The majority of the synthesized Li/Na/K 

incorporated cathodes demonstrate good electrochemical cyclic stability, capacity retention, 

rate capability, charge/discharge capacity, etc. Li-incorporated Na-based cathodes show 

improved performance, which can be attributed to the prevention of phase transformation at 

high voltages and loss of transition metal from the cathode. 

4. Conclusions 

Various advancements in the field of Li/Na/K incorporated cathode materials have been 

observed in the past decades. This research article precisely and briefly reports the various 

families of Li/Na/K incorporated cathode materials developed for Na/K/Li-ion batteries. 

Mainly, the effect of Li incorporation in Na/K-based cathode materials and the impact of Na 

or K addition in Li-based cathode materials have been investigated. In summary, H-grabbing 

by the nanoclusters of Li2[SiO–SnO], Na2[SiO–SnO], or K2[SiO–SnO] was investigated by 

first-principles computations of the DFT method. The alterations of charge density illustrated 

a remarkable charge transfer towards Li2[SiO–SnO], Na2[SiO–SnO] or K2[SiO–SnO]. The 

fluctuation in charge density values demonstrates that the electronic densities were in the 

boundary of adsorbate/adsorbent atoms during the adsorption status. Besides, thermodynamic 

parameters describing H-grabbing by alkali metals-based nanoclusters of Li2[SiO–SnO], 

Na2[SiO–SnO], or K2[SiO–SnO] have been investigated, including the internal process of the 

adsorbent–adsorbate system.  

It is well established that the addition of Li, Na, or K to cell batteries may increase the 

energy storage in cell batteries. In this work, we explore the effect of Li, Na, or K on SiO–SnO 

heterocluster. Moreover, hydrogen bond (H-bond) accepting sites by Li2[SiO–SnO], Na2[SiO–

SnO], or K2[SiO–SnO] can alleviate parasitic hydrogen evolution in aqueous electrolytes in 

lithium, sodium, or potassium-ion batteries. Today, it is crucial to distinguish the potential of 

hydrogen technologies and bring up all perspectives of their performance, from technological 

progress to economic and social effects. Focused research in this important area, as presented 

herein, may facilitate understanding the science and governing mechanism of existing Li/Na/K 

incorporated cathode materials, leading to more innovations and developments to fabricate 

high-performance future batteries for energy storage applications. 
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