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A vast study on H-capture by LiRb (SnO2-SiO2), LiCs(SnO2-SiO2), NaRb(SnO2-SiO2), NaCs(SnO2-SiO2), 
KRb(SnO2-SiO2), KCs(SnO2-SiO2), was carried out including using DFT computations at the CAM–B3LYP–D3/6–311+G 
(d,p) level of theory. The hypothesis of the hydrogen adsorption phenomenon was figured out by density distributions 
of CDD, TDOS/OPDOS, LOL for nanoclusters of LiRb(SnO2-SiO2)–2H2, LiCs(SnO2-SiO2)–2H2, NaRb(SnO2-SiO2)–2H2, 
NaCs(SnO2-SiO2)–2H2, KRb(SnO2-SiO2)–2H2, KCs(SnO2-SiO2)–2H2. The oscillation in charge density amounts 
displays that the electronic densities were mainly placed in the edge of adsorbate/adsorbent atoms during the 
adsorption status. Regarding optimal energy, KRb(SnO2-SiO2), KRb(SnO2-SiO2)–2H2, KCs(SnO2-SiO2), and 
KCs(SnO2-SiO2)–2H2 heteroclusters have shown more stability than LiRb(SnO2-SiO2), LiRb(SnO2-SiO2)–2H2, 
LiCs(SnO2-SiO2), LiCs(SnO2-SiO2)–2H2, NaRb(SnO2-SiO2), NaRb(SnO2-SiO2)–2H2,  NaCs(SnO2-SiO2), NaCs(SnO2-
SiO2)–2H2 heteroclusters. In this research, hydrogen energy sources on functionalized 2D materials by metals have 
been shown as promising alternatives for clean energy systems. In a particular way, we have demonstrated here that 
(SnO2-SiO2) weakly adsorbs H2. At the same time, the Li/Na/K decoration significantly enhances the H2 interaction, 
accommodating to H2 molecules by a stronger physisorption. 

Keywords: Energy storage, alkali metal-ion battery, density of states, charge distribution, materials modeling, 
hydrogen adsorption 
 

INTRODUCTION 

Sodium/potassium-ion can be the prime 
chemistry replacement candidate for LIBs [1–6]. 
The potassium-ion has certain privileges over 
analogous lithium-ion like the cell design is plain, 
and both the material and the construction 
methods are cheaper. The major benefit is the 
high amount and low cost of potassium in 
evaluation with lithium, which makes potassium 
batteries an engaged replacement for large scale 
batteries like household energy-saving and 
electric devices. Another privilege of a 
potassium-ion battery over a lithium-ion battery 
is potentially charging in a short time [7–13]. 

Lately, Si-, Ge- or Sn-carbide nanostructures 
have been proposed as occupied H-grabbing 
compounds [14–16]. Whereas the polarizability 
of Si is more than C atom, it is assumed that        
Si–C/Si nanosheet might append to compositions 
more strongly in comparison to the pure                 
C-nanostructures [17–19]. The previous 
investigations of energy-saving devices through 
H-adsorption have been tailored owing to DFT 
calculations with a semiconductor group of 
Si/Ge/Sn/Pb nano-carbides [20], Mg-Al 
nanoalloy [21] and Al/C/ Si doping of BN 
nanocomposite [22]. 

Nanomaterials with notable structures detect 
undertaking demands in the field of 
electrocatalysis, fuel cells, and energy-saving. 
Furthermore, rubidium and cesium ions are 
studied as electrolyte additives for sodium-ion 
batteries. It is shown that adding small amount of 
Rb+ and Cs+ into the electrolyte significantly 
modifies the chemical composition of solid 
electrolyte interphase on hard carbon surfaces, 
which results in a significant increase in the ionic 
conductivity and stability of the solid electrolyte 
interphase [23]. 

This investigation wants to delve into the 
feasibility of LiRb (SnO2-SiO2), LiCs(SnO2-
SiO2), NaRb(SnO2-SiO2), NaCs(SnO2-SiO2), 
KRb(SnO2-SiO2), KCs(SnO2-SiO2) nanoclusters 
for H-storage. Therefore, it was analyzed the 
physico-chemical properties of mentioned 
heteroclusters and hydrogenated nanoclusters of 
LiRb(SnO2-SiO2)–2H2, LiCs(SnO2-SiO2)–2H2, 
NaRb(SnO2-SiO2)–2H2, NaCs(SnO2-SiO2)–2H2, 
KRb(SnO2-SiO2)–2H2, KCs(SnO2-SiO2)–2H2. 

MATERIALS AND METHODS 

Fig. 1 shows alkali metals-based nanoclusters 
of LiRb (SnO2-SiO2), LiCs(SnO2-SiO2), 
NaRb(SnO2-SiO2), NaCs(SnO2-SiO2), 
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KRb(SnO2-SiO2), KCs(SnO2-SiO2) which can 
enhance the H-storage. In our research, the 
calculations have been done by CAM–B3LYP–
D3 /EPR–3 level of theory. Fig. 1 shows the 
process of hydrogen adsorption by LiRb (SnO2-
SiO2), LiCs(SnO2-SiO2), NaRb(SnO2-SiO2), 

NaCs(SnO2-SiO2), KRb(SnO2-SiO2), KCs(SnO2-
SiO2)  nanoclusters and hydrogen-adsorbed 
nanoclusters of LiRb(SnO2-SiO2)–2H2, 
LiCs(SnO2-SiO2)–2H2, NaRb(SnO2-SiO2)–2H2, 
NaCs(SnO2-SiO2)–2H2, KRb(SnO2-SiO2)–2H2, 
KCs(SnO2-SiO2)–2H2. 

 

 

Fig. 1. Adding Li, Na, K to (SnO2-SiO2) nanoclusters accompanying Rb or Cs doping and formation of LiRb (SnO2-SiO2), 
LiCs(SnO2-SiO2), NaRb(SnO2-SiO2), NaCs(SnO2-SiO2), KRb(SnO2-SiO2), KCs(SnO2-SiO2) nanoclusters towards 
energy storage through hydrogen adsorption as LiRb(SnO2-SiO2)–2H2, LiCs(SnO2-SiO2)–2H2,                 
NaRb(SnO2-SiO2)–2H2, NaCs(SnO2-SiO2)–2H2, KRb(SnO2-SiO2)–2H2, KCs(SnO2-SiO2)–2H2 in novel batteries 

 
The Bader charge analysis [24] was 

illustrated during H-atoms grabbing by 
LiRb(SnO2-SiO2)–2H2, LiCs(SnO2-SiO2)–2H2, 
NaRb(SnO2-SiO2)–2H2, NaCs(SnO2-SiO2)–2H2, 
KRb(SnO2-SiO2)–2H2, KCs(SnO2-SiO2)–2H2 
nanoclusters (Fig. 1). The rigid potential energy 
surface using density functional theory [25–27] 
was performed due to Gaussian 16 revision C.01 
program package [28] and GaussView 6.1 [29]. 
The coordination input for hydrogen grabbing by 
LiRb (SnO2-SiO2), LiCs(SnO2-SiO2), 
NaRb(SnO2-SiO2), NaCs(SnO2-SiO2), 
KRb(SnO2-SiO2), KCs(SnO2-SiO2) has been 
optimized with LANL2DZ and 6-311+G (d,p) 
basis sets. 

RESULTS AND DISCUSSION 

CDD analysis. The charge density differences 
(CDD) [30] has been shown for LiRb (SnO2-
SiO2), LiCs(SnO2-SiO2), NaRb(SnO2-SiO2), 
NaCs(SnO2-SiO2), KRb(SnO2-SiO2), KCs(SnO2-
SiO2) nanoclusters with the fluctuation in the 

region around –12 to +6 Bohr (Fig. 2 a–f) and for 
the nanoclusters of LiRb(SnO2-SiO2)–2H2, 
LiCs(SnO2-SiO2)–2H2, NaRb(SnO2-SiO2)–2H2, 
NaCs(SnO2-SiO2)–2H2, KRb(SnO2-SiO2)–2H2, 
KCs(SnO2-SiO2)–2H2 (Fig. 2 a′–f′) in the area 
around –12 to +6 Bohr. Furthermore, the atoms of 
O2, O3, O7–O12, O14, O15, O17, O18, O22–O27, 
O29, O30 from alkali metal hybrid 
(Li,Na,K,Rb,Cs)–(SnO2-SiO2) oxide (Fig.2–f) 
have shown the fluctuation around –12 to +6 Bohr 
towards formation of hydrogenated alkali metal 
hybrid (Li,Na,K,Rb,Cs)–(SnO2-SiO2)–2H2 

through hydrogen adsorption (Fig. 2 a′–f′). 
The charge distribution has been illustrated 

during H-capture by LiRb (SnO2-SiO2), 
LiCs(SnO2-SiO2), NaRb(SnO2-SiO2), 
NaCs(SnO2-SiO2), KRb(SnO2-SiO2), KCs(SnO2-
SiO2) nanoclusters towards formation of 
LiRb(SnO2-SiO2)–2H2, LiCs(SnO2-SiO2)–2H2, 
NaRb(SnO2-SiO2)–2H2, NaCs(SnO2-SiO2)–2H2, 
KRb(SnO2-SiO2)–2H2, KCs(SnO2-SiO2)–2H2, 
respectively (Tables 1, 2, 3). 
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Fig. 2. CDD graphs for (a) LiRb (SnO2-SiO2), (a′) LiRb(SnO2-SiO2)–2H2, (b) LiCs(SnO2-SiO2), (b′) LiCs(SnO2-
SiO2)–2H2, (c) NaRb(SnO2-SiO2), (c′) NaRb(SnO2-SiO2)–2H2, (d) NaCs(SnO2-SiO2), (d′) NaRb(SnO2-SiO2)–
2H2, (e) KRb(SnO2-SiO2), (e′) KRb(SnO2-SiO2)–2H2, (f) KCs(SnO2-SiO2), (f′) KCs(SnO2-SiO2)–2H2 
nanoclusters 
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Table 1. The atomic charge (Q/coulomb) for LiRb(SnO2-SiO2), LiRb(SnO2-SiO2)–2H2, LiCs(SnO2-SiO2), 
LiCs(SnO2-SiO2)–2H2 nanoclusters 

 

LiRb(SnO2-SiO2) LiRb(SnO2-SiO2)–2H2 LiCs(SnO2-SiO2) LiCs(SnO2-SiO2)–2H2 

Atom Q Atom Q Atom Q Atom Q 

Si1 1.4595 Si1 1.4585 Si1 1.4500 Si1 1.4517 

O2 -0.6386 O2 -0.7115 O2 -0.6584 O2 -0.6581 

O3 -0.8300 O3 -0.8284 O3 -0.8259 O3 -0.8258 

Si4 1.4154 Si4 1.4205 Si4 1.4232 Si4 1.4262 

Si5 1.4335 Si5 1.4445 Si5 1.4359 Si5 1.4365 

Si6 1.4423 Si6 1.4323 Si6 1.3760 Si6 1.3738 

O7 -0.7238 O7 -0.6720 O7 -0.7290 O7 -0.7299 

O8 -0.8276 O8 -0.8168 O8 -0.8277 O8 -0.8272 

O9 -0.8024 O9 -0.7917 O9 -0.8166 O9 -0.8162 

O10 -0.9816 O10 -1.0029 O10 -0.9086 O10 -0.9081 

O11 -0.8096 O11 -0.8124 O11 -0.8274 O11 -0.8258 

O12 -0.9562 O12 -0.9281 O12 -0.9538 O12 -0.9530 

Si13 1.3446 Si13 1.3479 Si13 1.3162 Si13 1.3212 

O14 -0.7850 O14 -0.7303 O14 -0.8261 O14 -0.8281 

O15 -0.7116 O15 -0.7695 O15 -0.7367 O15 -0.7341 

Sn16 1.6861 Sn16 1.6845 Sn16 1.6165 Sn 16 1.6118 

O17 -0.8023 O17 -0.8002 O17 -0.8033 O17 -0.8024 

O18 -0.8753 O18 -0.8740 O18 -0.8735 O18 -0.8723 

Sn19 1.6926 Sn19 1.6896 Sn19 1.6857 Sn19 1.6838 

Sn20 1.6748 Sn20 1.6738 Sn20 1.6772 Sn20 1.6780 

Sn21 1.7000 Sn21 1.6944 Sn21 1.6887 Sn21 1.6847 

O22 -0.8478 O22 -0.8487 O22 -0.8428 O22 -0.843 

O23 -0.8918 O23 -0.8915 O23 -0.8896 O23 -0.8891 

O24 -1.0604 O24 -1.0600 O24 -0.9866 O24 -0.9755 

O25 -0.9118 O25 -0.9130 O25 -0.9212 O25 -0.9208 

O26 -1.0012 O26 -0.9994 O26 -0.9995 O26 -0.9967 

O27 -0.9211 O27 -0.9215 O27 -0.9296 O27 -0.9301 

Sn28 1.7090 Sn28 1.7177 Sn28 1.6408 Sn28 1.6453 

O29 -0.9053 O29 -0.9077 O29 -0.9280 O29 -0.9300 

O30 -0.8585 O30 -0.8575 O30 -0.8664 O30 -0.8675 

Li31 0.7100 Li31 0.6000 Li31 0.7114 Li31 0.6084 

Rb32 0.8742 Rb32 0.8555 Cs32 1.1292 Cs32 1.1041 

  H33 -0.0198   H33 -0.0201 

  H34 -0.0121   H34 -0.0106 

  H35 0.1210   H35 0.1212 

  H36 0.0280   H36 0.0181 
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Table 2. The atomic charge (Q/coulomb) for NaRb(SnO2-SiO2), NaRb(SnO2-SiO2)–2H2, NaCs(SnO2-SiO2), 
NaCs(SnO2-SiO2)–2H2 nanoclusters 

 

 
 
 

NaRb(SnO2-SiO2) NaRb(SnO2-SiO2)–2H2 NaCs(SnO2-SiO2) NaCs(SnO2-SiO2)–2H2 

Atom Q Atom Q Atom Q Atom Q 

Si1 1.4596 Si1 1.4594 Si1 1.4540 Si1 1.4554 

O2 -0.6385 O2 -0.6386 O2 -0.7168 O2 -0.7167 

O3 -0.8297 O3 -0.8298 O3 -0.8224 O3 -0.8226 

Si4 1.4079 Si4 1.4111 Si4 1.4092 Si4 1.4130 

Si5 1.4370 Si5 1.4375 Si5 1.4407 Si5 1.4417 

Si6 1.4410 Si6 1.4400 Si6 1.3713 Si6 1.3683 

O7 -0.7239 O7 -0.7244 O7 -0.6878 O7 -0.6876 

O8 -0.8279 O8 -0.8278 O8 -0.8204 O8 -0.8197 

O9 -0.8019 O9 -0.8017 O9 -0.8132 O9 -0.8129 

O10 -0.9804 O10 -0.9811 O10 -0.9156 O10 -0.9147 

O11 -0.8123 O11 -0.8117 O11 -0.8367 O11 -0.8353 

O12 -0.9745 O12 -0.9737 O12 -0.9486 O12 -0.9474 

Si13 1.3346 Si13 1.3370 Si13 1.3092 Si13 1.3140 

O14 -0.7851 O14 -0.7871 O14 -0.7889 O14 -0.7888 

O15 -0.7164 O15 -0.7158 O15 -0.7886 O15 -0.7886 

Sn16 1.6926 Sn 16 1.6898 Sn 16 1.6227 Sn 16 1.6182 

O17 -0.8030 O17 -0.8020 O17 -0.8037 O17 -0.8028 

O18 -0.8769 O18 -0.8760 O18 -0.8760 O18 -0.8746 

Sn19 1.6937 Sn19 1.6923 Sn19 1.6883 Sn19 1.6871 

Sn20 1.6695 Sn20 1.6721 Sn20 1.6737 Sn20 1.6768 

Sn21 1.6995 Sn21 1.6947 Sn21 1.6898 Sn21 1.6864 

O22 -0.8483 O22 -0.8481 O22 -0.8433 O22 -0.8433 

O23 -0.8906 O23 -0.8900 O23 -0.8882 O23 -0.8877 

O24 -1.0573 O24 -1.0562 O24 -0.9832 O24 -0.9737 

O25 -0.9110 O25 -0.9105 O25 -0.9206 O25 -0.9201 

O26 -1.0314 O26 -1.0292 O26 -1.0304 O26 -1.0283 

O27 -0.9219 O27 -0.9222 O27 -0.9295 O27 -0.9301 

Sn28 1.7062 Sn28 1.7161 Sn28 1.6445 Sn28 1.6543 

O29 -0.9052 O29 -0.9076 O29 -0.9288 O29 -0.9306 

O30 -0.8622 O30 -0.8630 O30 -0.8693 O30 -0.8699 

Na31 0.7874 Na31 0.7080 Na31 0.7726 Na31 0.6938 

Rb32 0.8694 Rb32 0.8503 Cs32 1.1361 Cs32 1.1098 

  H33 -0.0260   H33 -0.0233 

  H34 -0.0138   H34 -0.0120 

  H35 0.0972   H35 0.0948 

  H36 0.0308   H36 0.0174 
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Table 3. The atomic charge (Q/coulomb) for KRb(SnO2-SiO2), KRb(SnO2-SiO2)–2H2, KCs(SnO2-SiO2), KCs(SnO2-
SiO2)–2H2 nanoclusters 

 

 
 
 

 

KRb(SnO2-SiO2) KRb(SnO2-SiO2)–2H2 KCs(SnO2-SiO2) KCs(SnO2-SiO2)–2H2 

Atom Q Atom Q Atom Q Atom Q 

Si1 1.4589 Si1 1.4597 Si1 1.4490 Si1 1.4515 

O2 -0.63826 O2 -0.6382 O2 -0.6585 O2 -0.6579 

O3 -0.8300 O3 -0.8288 O3 -0.8244 O3 -0.8244 

Si4 1.4071 Si4 1.4088 Si4 1.4151 Si4 1.4171 

Si5 1.4370 Si5 1.4374 Si5 1.4393 Si5 1.4399 

Si6 1.4411 Si6 1.4405 Si6 1.3742 Si6 1.3723 

O7 -0.7245 O7 -0.7250 O7 -0.7304 O7 -0.7309 

O8 -0.8277 O8 -0.8276 O8 -0.8278 O8 -0.8272 

O9 -0.7991 O9 -0.7988 O9 -0.8136 O9 -0.8132 

O10 -0.9813 O10 -0.9816 O10 -0.9081 O10 -0.9073 

O11 -0.8116 O11 -0.8111 O11 -0.8285 O11 -0.8269 

O12 -0.9921 O12 -0.9921 O12 -0.9911 O12 -0.9913 

Si13 1.3220 Si13 1.3226 Si13 1.2947 Si13 1.2983 

O14 -0.7850 O14 -0.7870 O14 -0.8265 O14 -0.8284 

O15 -0.7192 O15 -0.7193 O15 -0.7446 O15 -0.7432 

Sn16 1.6917 Sn 16 1.6903 Sn16 1.6218 Sn16 1.6185 

O17 -0.8033 O17 -0.8024 O17 -0.8041 O17 -0.8032 

O18 -0.8766 O18 -0.8757 O18 -0.8747 O18 -0.8735 

Sn19 1.6962 Sn19 1.6957 Sn19 1.6895 Sn19 1.6891 

Sn20 1.6643 Sn20 1.6667 Sn20 1.6672 Sn20 1.6700 

Sn21 1.6984 Sn21 1.6944 Sn21 1.6882 Sn21 1.6855 

O22 -0.8471 O22 -0.8463 O22 -0.8422 O22 -0.8415 

O23 -0.8873 O23 -0.8867 O23 -0.8852 O23 -0.8847 

O24 -1.0583 O24 -1.0570 O24 -0.9853 O24 -0.9745 

O25 -0.9086 O25 -0.9084 O25 -0.9179 O25 -0.9177 

O26 -1.0605 O26 -1.0607 O26 -1.0588 O26 -1.0600 

O27 -0.9193 O27 -0.9197 O27 -0.9278 O27 -0.9284 

Sn28 1.6576 Sn28 1.6614 Sn28 1.5917 Sn28 1.5947 

O29 -0.9055 O29 -0.9079 O29 -0.9281 O29 -0.9301 

O30 -0.8661 O30 -0.8672 O30 -0.8733 O30 -0.8743 

K31 0.8941 K31 0.8616 K31 0.8915 K31 0.8597 

Rb32 0.8723 Rb32 0.8561 Cs32 1.1289 Cs32 1.1042 

  H33 -0.0571   H33 -0.0565 

  H34 -0.0139   H34 -0.0110 

  H35 0.0864   H35 0.0860 

  H36 0.0309   H36 0.0183 
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The atomic charge of Si, Sn,O and alkali 
metals of Li, Na, K,Rb,Cs and hydrogen atoms 
absorbed on LiRb (SnO2-SiO2), LiCs(SnO2-
SiO2), NaRb(SnO2-SiO2), NaCs(SnO2-SiO2), 
KRb(SnO2-SiO2), KCs(SnO2-SiO2) nanoclusters 
have been evaluated. Functionalizing lithium, 
sodium and potassium atoms can augment the 
negative atomic charge of O2, O3, O7–O12, O14, 
O15, O17, O18, O22–O27, O29, O30 in LiRb 
(SnO2-SiO2), LiCs(SnO2-SiO2), NaRb(SnO2-
SiO2), NaCs(SnO2-SiO2), KRb(SnO2-SiO2), 
KCs(SnO2-SiO2) nanoclusters. In fact, LiRb 
(SnO2-SiO2), LiCs(SnO2-SiO2), NaRb(SnO2-
SiO2), NaCs(SnO2-SiO2), KRb(SnO2-SiO2), 
KCs(SnO2-SiO2) nanoclusters have shown more 
efficiency than (SnO2-SiO2) cluster [30] for 
electron acceptance 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 LiRb 
(SnO2-SiO2) and LiCs(SnO2-SiO2) has shown the 
Bader charge of –1.709 and –1.689 coulomb 
before hydrogen adsorption and –1.718 and            
–1.685 coulomb after hydrogen adsorption. 
Moreover, the changes of charge density analysis 
for NaRb(SnO2-SiO2), NaCs(SnO2-SiO2) has 
shown the Bader charge of –1.706 and –1.690 
coulomb before hydrogen adsorption and –1.716 
and –1.687 coulomb after hydrogen adsorption. 
KRb(SnO2-SiO2) and KCs(SnO2-SiO2) have 
shown the Bader charge of –1.698 and –1.689 
coulomb before hydrogen adsorption and –1.696 
and –1.689 coulomb after hydrogen adsorption. 

The differences of charge density for these 
structures are measured as: ΔQLiRb(SnO2-SiO2) = –0.009, 
ΔQLiCs(SnO2-SiO2) = 0.004, ΔQNaRb(SnO2-SiO2) = –0.01, 
ΔQNaCs(SnO2-SiO2) = 0.003 , ΔQKRb(SnO2-SiO2) = 0.002, 
ΔQKCs(SnO2-SiO2) = 0 coulomb. Therefore, the 
results have shown that the cluster of NaRb(SnO2-
SiO2), LiRb(SnO2-SiO2), KRb(SnO2-SiO2), and 
may have the most tensity for electron accepting 
owing to hydrogen capture. 

TDOS/OPDOS analysis. The energy levels in 
an isolated system (such as molecule), are 
discrete, the concept of density of state (DOS) is 
supposed to be completely valueless in this 
situation. Therefore, the original total DOS 
(TDOS) of isolated system can be written as [31]:  

𝑇𝐷𝑂𝑆 ሺ𝐸ሻ ൌ  ∑ 𝛿 ሺ𝐸 െ 𝜖௜ ௜ ሻ .                           (1) 

The normalized Gaussian function is defined 
as: 

𝐺ሺ𝑥ሻ ൌ
ଵ

௖√ଶగ
𝑒ି

ೣమ

మ೎మ   where   𝑐 ൌ
୊୛ୌ୑

ଶ√ଶ୪୬୶
 .               (2) 

FWHM (full width at half maximum) is an 
adjustable parameter in Multiwfn. In the TDOS 
map, each discrete vertical line corresponds to a 
molecular orbital (MO), the dashed line 
highlights the position of HOMO. The curve is the 
TDOS simulated based on the distribution of MO 
energy levels. 

Regarding adsorption behavior of hydrogen 
by LiRb (SnO2-SiO2), LiCs(SnO2-SiO2), 
NaRb(SnO2-SiO2), NaCs(SnO2-SiO2), 
KRb(SnO2-SiO2), KCs(SnO2-SiO2) nanoclusters, 
TDOS has been measured. This parameter can 
indicate the existence of important chemical 
interactions often on the convex side         
(Fig. 3 a–f, a′–f′). 

During formation of LiRb (SnO2-SiO2), 
LiCs(SnO2-SiO2), NaRb(SnO2-SiO2), NaCs(SnO2-
SiO2), KRb(SnO2-SiO2) (Fig. 3 a, b, c, d, e) and 
hydrogenated nanoclusters containing LiRb(SnO2-
SiO2)–2H2, LiCs(SnO2-SiO2)–2H2, NaRb(SnO2-
SiO2)–2H2, NaCs(SnO2-SiO2)–2H2 
(Fig. 3 a′, b′, c′, d′, e′) have shown the steepest 
peaks around –0.3, –0.45 and –0.60 a.u. due to 
covalent bond between two atoms of Li/Rb, 
Li/Cs, Na/Rb, Na/Cs with (SnO2-SiO2) 
nanocluster. 

However, the TDOS curve for KRb (SnO2-
SiO2) and KRb (SnO2-SiO2)–2H2 nanoclusters 
have shown four pointed peaks around –0.3, –0.45, 
–0.60, –0.75 a.u. due to covalent bond between 
atoms of K, Rb, Cs with (SnO2-SiO2) nanocluster 
through hydrogen storage with maximum density 
of state of ≈ 24 around –0.30 a.u. (Fig. 3 f, f′). 

Fragment 1 has been defined for O9 to O12, 
Si13, O24 to O27 and Sn28, X31(X = Li, 
Na,K)/Y32 (Y = Rb, Cs) in Fig. 3 a–f and H36    
to H36 in Fig. 3 a′–f′. Fragment 2 has indicated 
the fluctuation of Si1, Si4 to Si6 beside the similar 
involved atoms of Fragment 1 in Fig. 3 a, b, c, d 
and Fig. 3 a′–f′. Finally, it was considered the 
fluctuation of Sn16, Sn19 to Sn21, O17, O18, 
O22, O23, O29, O30 in Fig. 3 a–f, a′–f′ through 
Fragment 3. 

LOL analysis. Localized orbital locator 
(LOL) has a similar expression compared to 
electron localization function (ELF) [32].  
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                            (4) 

Multiwfn [33, 34] also supports the 
approximate version of LOL defined by Tsirelson 
and Stash [35], namely the actual kinetic energy 
term in LOL is replaced by second-order gradient 
expansion like ELF which may demonstrate a 
broad span of bonding samples. This Tsirelson’s 
version of LOL can be activated by setting 
ELFLOL_type to 1. For special reason, if 
ELFLOL_type in settings.ini is changed from 0 to 
2, another formalism will be used: 

LOLሺ𝐫ሻ ൌ
ଵ

ଵା ቂଵ ఛሺ𝐫ሻൗ ቃ
మ .                                                    (5) 

If the parameter ELFLOL_cut in settings.ini 
is set to x, then LOL will be zero where LOL is 
less than x. 

Trapping of hydrogens by LiRb (SnO2-SiO2), 
LiCs(SnO2-SiO2), NaRb(SnO2-SiO2), NaCs(SnO2-
SiO2), KRb(SnO2-SiO2), KCs(SnO2-SiO2) (Fig. 4 a–f) 
nanoclusters towards formation of LiRb(SnO2-
SiO2)–2H2, LiCs(SnO2-SiO2)–2H2, NaRb(SnO2-
SiO2)–2H2, NaCs(SnO2-SiO2)–2H2, KRb(SnO2-
SiO2)–2H2, KCs(SnO2-SiO2)–2H2 might be 
described by LOL graphs due to achieving their 
delocalization/localization characterizations of 
electrons and chemical bonds (Fig. 4 a′–f′). 

An isosurface map has shown the electron 
delocalization in LiRb (SnO2-SiO2) (Fig. 4 a), 

LiRb(SnO2-SiO2)–2H2 (Fig. 4 a′), LiCs (SnO2-
SiO2) (Fig. 4 b), LiCs(SnO2-SiO2)–2H2 
(Fig. 4 b′), NaRb (SnO2-SiO2) (Fig. 4 c), 
NaRb(SnO2-SiO2)–2H2 (Fig. 4 c′), NaCs (SnO2-
SiO2) (Fig. 4 d), NaCs(SnO2-SiO2)–2H2 
(Fig. 4 d′), KRb (SnO2-SiO2) (Fig. 4 e), 
KRb(SnO2-SiO2)–2H2 (Fig. 4 e′), KCs (SnO2-
SiO2) (Fig. 4 f), and KCs(SnO2-SiO2)–2H2 
(Fig. 4 f′) through labeling atoms of O10, O12, 
Si13, O24, O26, Sn28, X31(X = Li, Na or K), 
Y32 (Y = Rb or Cs) and H33, H34, H35, H36. In 
fact, the counter map of LOL can confirm that 
LiRb (SnO2-SiO2), LiCs(SnO2-SiO2), 
NaRb(SnO2-SiO2), NaCs(SnO2-SiO2), 
KRb(SnO2-SiO2), KCs(SnO2-SiO2) nanoclusters 
may increase the efficiency during hydrogen 
adsorption towards formation of LiRb(SnO2-
SiO2)–2H2, LiCs(SnO2-SiO2)–2H2, NaRb(SnO2-
SiO2)–2H2, NaCs(SnO2-SiO2)–2H2, KRb(SnO2-
SiO2)–2H2, KCs(SnO2-SiO2)–2H2. 

Besides, 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 LiRb(SnO2-SiO2), 
LiRb(SnO2-SiO2)–2H2, LiCs(SnO2-SiO2), LiCs(SnO2-
SiO2)–2H2, NaRb(SnO2-SiO2), NaRb(SnO2-SiO2)–
2H2, NaCs(SnO2-SiO2), NaCs(SnO2-SiO2)–2H2, 
KRb(SnO2-SiO2), KRb(SnO2-SiO2)–2H2, KCs(SnO2-
SiO2),  and  KCs(SnO2-SiO2)–2H2  nanoclusters. 

 

Table 4. Stability energy (kcal/mol), dipole moment (debye), LUMO (eV), HOMO(eV), and energy gap (∆E) (eV) for 
LiRb (SnO2-SiO2), LiCs(SnO2-SiO2), NaRb(SnO2-SiO2), NaCs(SnO2-SiO2), KRb(SnO2-SiO2), KCs(SnO2-SiO2) 

through hydrogen grabbing and formation of LiRb(SnO2-SiO2)–2H2, LiCs(SnO2-SiO2)–2H2, NaRb(SnO2-SiO2)–
2H2, NaCs(SnO2-SiO2)–2H2, KRb(SnO2-SiO2)–2H2, KCs(SnO2-SiO2)–2H2 heteroclusters 

 

Heteroclusters 
Es×10-3 

(kcal/mol) 
Dipole moment 

(debye) 
EHOMO 

(eV) 
ELUMO 

(eV) 
∆E = ELUMO – 
EHOMO, (eV) 

LiRb (SnO2-SiO2) -984.9774 5.5566 -5.4115 -4.5381 0.8734 

LiRb(SnO2-SiO2)–2H2 -986.4044 5.5797 -5.3782 -4.5716 0.8066 

LiCs(SnO2-SiO2) -982.3057 6.1309 -5.2868 -4.4110 0.8758 

LiCs(SnO2-SiO2)–2H2 -983.7106 6.1503 -5.2956 -4.4034 0.8922 

NaRb(SnO2-SiO2) -980.3921 5.5542 -5.3875 -4.5210 0.8665 

NaRb(SnO2-SiO2)–2H2 -981.8157 5.6774 -5.3833 -4.5268 0.8564 

NaCs(SnO2-SiO2) -977.7186 6.3330 -5.1992 -4.4149 0.7843 

NaCs(SnO2-SiO2)–2H2 -979.1183 6.3024 -5.2207 -4.4144 0.8063 

KRb(SnO2-SiO2) -997.8810 5.5425 -5.3745 -4.5160 0.8584 

KRb(SnO2-SiO2)–2H2 -999.2918 5.5675 -5.3844 -4.5357 0.8486 

KCs(SnO2-SiO2) -995.2091 6.0936 -5.2494 -4.3767 0.8727 

KCs(SnO2-SiO2)–2H2 -996.5960 6.0707 -5.2811 -4.3933 0.8879 
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Fig. 4. The counter map of LOL graphs for (a) LiRb (SnO2-SiO2), (a′) LiRb(SnO2-SiO2)–2H2, (b) LiCs(SnO2-SiO2), 
(b′) LiCs(SnO2-SiO2)–2H2, (c) NaRb(SnO2-SiO2), (c′) NaRb(SnO2-SiO2)–2H2, (d) NaCs(SnO2-SiO2), (d′) 
NaRb(SnO2-SiO2)–2H2, (e) KRb(SnO2-SiO2), (e′) KRb(SnO2-SiO2)–2H2, (f) KCs(SnO2-SiO2), (f′) 
KCs(SnO2-SiO2)–2H2  nanoclusters 
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The applied wavefunction level is CAM–B3LYP–
D3/6–311+G (d, p) that corresponds to HOMO and 
LUMO (Table 4). The layered germanium-silicon 
oxide improved by alkali metal lithium doping 
have indicated the structural stability of lithium-, 
sodium- or potassium-ion batteries through the 
reported stability energy in Table 4. A small 
portion of Rb or Cs entered the Sn–Si layer to 
replace the Li, Na or K sites might improve the 
structural stability of the electrode material at 
high multiplicity, thereby improving the capacity 
retention rate. 

In summary, the addition of Rb or Cs ions into 
electrolyte greatly improves the cycling 
performance of the hard carbon anode in lithium-, 
sodium-, or potassium-ion batteries. This 
improvement is attributed to the participation of 
the Rb or Cs ions to form a highly conductive, 
which results in a lower cell reaction resistance. 
Therefore, the battery cells with Rb or Cs ions as 
the additive have not only higher specific capacity 
and smaller polarization, but also more stable. 

CONCLUSIONS 

H-capture by the nanoclusters of LiRb (SnO2-
SiO2), LiCs(SnO2-SiO2), NaRb(SnO2-SiO2), 
NaCs(SnO2-SiO2), KRb(SnO2-SiO2), KCs(SnO2-
SiO2) was investigated by first-principles 

computations of DFT method. The changes of 
charge density defined a notable charge transfer 
in LiRb (SnO2-SiO2), LiCs(SnO2-SiO2), 
NaRb(SnO2-SiO2), NaCs(SnO2-SiO2), 
KRb(SnO2-SiO2), KCs(SnO2-SiO2). The 
fluctuation in charge density values describes 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 LiRb (SnO2-SiO2), LiCs(SnO2-
SiO2), NaRb(SnO2-SiO2), NaCs(SnO2-SiO2), 
KRb(SnO2-SiO2), KCs(SnO2-SiO2) have been 
studied consisting of internal process of the 
adsorbent–adsorbate system. The 
electronegativity, local dipole, and charge transfer 
are proposed to reveal the doping sites. Li, Na, K 
bond chemistry further deepens the understanding 
to exhibit the best charge transfer among single-
doped and co-doped atoms, respectively. The 
excellent charge transfer achieved by Rb, Cs-
doping SnO2-SiO2 is further validated by Li, Na, 
K nucleation overpotential measurement. 
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Моделювання захоплення водню матеріалами на основі SnO2–SiO2, 
легованими лужним металом 
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Масштабне дослідження H-захоплення LiRb (SnO2-SiO2), LiCs(SnO2-SiO2), NaRb(SnO2-SiO2), NaCs(SnO2-SiO2), 
KRb(SnO2-SiO2), KCs(SnO2-SiO2), було проведено в тому числі з використанням DFT обчислень на                            
CAM–B3LYP–D3/6–311+G (d,p) рівні теорії. Гіпотезу явища адсорбції водню було з’ясовано за розподілами 
густини CDD, TDOS/OPDOS, LOL для нанокластерів LiRb(SnO2-SiO2)–2H2, LiCs(SnO2-SiO2)–2H2,                 
NaRb(SnO2-SiO2)–2H2, NaCs(SnO2-SiO2)–2H2, KRb(SnO2-SiO2)–2H2, KCs(SnO2-SiO2)–2H2. Коливання величини 
густини заряду показує, що електронна густина була в основному розміщена на краю атомів адсорбат/адсорбент 
під час стану адсорбції. Щодо оптимізованої енергії, гетерокластери KRb(SnO2-SiO2), KRb(SnO2-SiO2)–2H2, 
KCs(SnO2-SiO2) і KCs(SnO2-SiO2)–2H2 показали більшу стабільність, ніж LiRb(SnO2-SiO2), LiRb(SnO2-SiO2)–2H2, 
гетерокластери LiCs(SnO2-SiO2), LiCs(SnO2-SiO2)–2H2, NaRb(SnO2-SiO2), NaRb(SnO2-SiO2)–2H2, NaCs(SnO2-SiO2), 
NaCs(SnO2-SiO2)–2H2. У цьому дослідженні водневі джерела енергії на функціоналізованих металами двовимірних 
матеріалах були показані як перспективні альтернативи для систем чистої енергії. Зокрема, ми 
продемонстрували тут, що (SnO2-SiO2) слабко адсорбує H2. У той же час декорування Li/Na/K значно посилює 
взаємодію H2, пристосовуючись до молекул H2 шляхом сильнішої фізичної абсорбції. 

Ключові слова: накопичення енергії, лужно-метал-іонний аккумулятор, густина станів, розподіл заряду, 
моделювання матеріалів, адсорбція водню 
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