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odium-ion batteries (SIBs)1,2 to replace 
LIBs) is of considerable current interest 
f Na. The creation of both inorganic and 
SIBs has been described.3–6 An obvious 
ectrode materials is their ability to exhibit 
Li+, Na+, and K+ ions.
tetracarboxylic acid naphthalene diimide 
aterials.7–10 Polyimide (PI) with bridging 
rsibly undergoes a two-electron redox 
hich corresponds to a theoretical specific 
h g–1.
s studied as a cathode for LIBs and 
ox characteristics were reported.8–9,13 

that the LIB PI cathode degraded due to 
tional changes in the polymer chain 
efore, we assumed that the interaction of 
rticles will contribute to the preservation 

during redox processes.
udied a nanocomposite electrode based 
articles, which have good adhesion to 
arators for LIBs.14–16 Furthermore, SiO2 
ith lithium and sodium.17,18 Addition of 
 formation on the alkali metal surface 
il 380 SiO2 (S = 380 m2 g–1) with an 
f 7 nm was used.

It was found previously19,20 that the introduction of Aerosil 
380 nanoparticles into a polymer electrolyte increased not only 
its mechanical strength but also its ionic conductivity. These 
results suggest that SiO2 nanoparticles have a positive effect on 
ion transport in the bulk of the polyimide electrode.

The PI cathode compositions are given in Table 1. The 
manufacture of cathodes, lithium cells and their study by various 
experimental methods are described by the well-known 
procedures.†

Table  1  PI cathode compositions (wt%).

Cathode PI Carbon black PVDF SiO2

PI  cathode 45 45 10 –

PI_SiO2  cathode 45 45   5 5

†	 A described process,8 was used to synthesize the polyimide. A published 
procedure10 for preparing a nanocomposite PI_SiO2 cathode was modified 
at the stage of preparing a solution of the polyvinylidene fluoride (PVDF) 
polymer binder in N-methylpyrrolidone, when the addition of SiO2 was 
introduced. Timcal 60 carbon black was used as a conductive additive. The 
cathode was formed on an Al substrate using DoctorBlade. The weight of 
the active substance of the polyimide was 0.927 or 0.878 mg in the PI and 
PI_SiO2 cathodes, respectively.
	 Na//PI and Na//PI_SiO2 cells were assembled with 1 m NaPF6 electrolyte 
in dimethoxyethane (DME). The CR2032 elements were assembled in an 
MBraun argon glove box (Germany) using two layers of a Celgard 
polypropylene separator. Cyclic voltammograms were recorded with a 
P-2X Potentiostat (Elins, Russia) at a sweep rate of 1 mV s–1.
	 Cells were tested in the galvanostatic mode on a BTS 5V10mA device 
from Shenzhen Neware Electronic (China) at a rate of C/5 (73 mA g–1) in 
a voltage range of 1.5–3.5 V. The 1C current was 365 mA g–1.
	 The XPS spectra were obtained using a Specs PHOIBOS 150 MCD9 
electron spectrometer and an X-ray tube with a magnesium anode  
(hn  =  1253.6 eV).21,22
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dition of SiO2 nanoparticles on the 
ide cathode was explored by CV, XPS, 

ling methods. The capacity and average 
e cell increased in the presence of SiO2. 
al modeling, it was shown that SiO2 
as a framework for polyimide, which 
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1 Polyimide PI redox process. 
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As shown in cyclic voltammograms (Figure 1), the two-
electron metalation process of polyimide has a peak, and the 
reverse process has two allowed peaks in 1 m NaPF6/DME 
electrolyte, which indicates an easier flow of the reverse process. 
In addition, peaks on the cathode and anode branches were more 
pronounced in the presence of SiO2 nanoparticles.

An analysis of the XPS spectra showed the presence of a 
specific interaction between PI and SiO2 due to the O1s line 
broadening of SiO2 [Figure 3(a)] and a shift of the Si2p peak 
[Figure 3(b)]. Peaks in the XPS spectra of C1s and N1s remained 
the same.

Figure 3 shows charge–discharge profiles of Na//PI and  
Na//PI_SiO2 cells with 1 m NaPF6/DME electrolyte. The 
discharge capacity of the Na//PI_SiO2 cell has a higher capacity 
compared to the Na//PI cell [Figure 4(a)]. The discharge 
capacities of the PI cathode and PI_SiO2 cathode were 93 and 
110 mAh g–1, respectively, after 300 cycles.

The average voltages of different cells during cycling  
[Figure 4(b)] coincided at the initial stage. However, after the 
25th cycle, the average voltage of the PI_SiO2 cathode began 
to increase and became 60 mV higher than that for the PI 
cathode.

For the quantum-chemical modeling of the sodium metalation 
of a polyimide structure consisting of 2 and 4 units, we used the 
nonempirical exchange-correlation functional PBE (Perdew–
Burke–Ernzerhof)23 with the pseudopotential SBK (Stevens–
Bash–Krauss)24 and extended basis set C, N, O: [5s, 5p, 2d/3s, 
3p, 2d], Na: [4s, 1p/2s, 1p], H: [5s, 1p/3s, 1p] for valence shells. 
All computations were carried out with the use of the PRIRODA 
software25 and computation facilities of the Joint Supercomputer 
Center of the RAS (Moscow).

The PI_SiO2 nanocomposite was modeled by a hydrated 
(SiO2)17 cluster of the composition Si17O28(OH)12 with an 
adsorbed polyimide oligomer PI2 containing two units. Six 
structures that differed in the coordination and orientation of the 
polyimide units were found and optimized. The lowest energy 
structure [Figure 5(a)] contained the trans conformation of 
polyimide units; the corresponding structure for the free PI 
oligomer was higher in energy by 2.50 kcal mol–1 than the main 
gauche conformation. The trans conformation is appropriate for 
the formation of two hydrogen bonds C=O...H–O with a total 
energy of 15.1 kcal mol–1, which is the reason for its stabilization.

The trans conformation in the lowest energy structure is 
retained upon addition of two Na atoms [Figure 5(b)]. In this case, 
the metalation energy of the PI_SiO2 cluster is 8.3 kcal mol–1  
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Figure  1  CV profiles of (a) the Na//PI and (b) Na//PI_SiO2 cells with 1 m 
NaPF6 in DME electrolyte. Voltage range, 1.2–3.2 V. Rate, 1 mV s–1.

Figure  2  The (a) O 1s, (b) Si 2p, (c) C 1s, and (d) N 1s XPS spectra of the 
polyimide cathode, PI_SiO2 composite, and SiO2.

Figure  3  Charge–discharge profiles of (a) Na//PI_SiO2 and (b) Na//PI 
cells. 1 m NaPF6/DME electrolyte. Voltage range, 1.5–3.5 V.

Figure  4  Dependence of (a) the discharge capacity and Coulombic 
efficiency and (b) the average voltage vs. Na+/Na on the charge–discharge 
cycle number for Na//PI and Na//PI_SiO2 cells.

Figure  5  Calculated structures of complexes (a) PI2Si17O28(OH)12 and  
(b) PI2Na2Si17O28(OH)12.
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(or 0.18 eV per Na atom) higher than that of the free PI oligomer 
in the trans form. This fact indicates the possibility of a higher 
energy storage in the case of a nanocomposite electrode. 

In the calculated structures of the PI dimer, the energies of 
HOMO (6.68 eV) and LUMO (4.77 eV) agree with the energy of 
frontier orbitals for related diimides calculated by the  
PBE0-D3/Def2-TZVPD method.26

Thus, it was demonstrated that the addition of Aerosil 380 
SiO2 nanoparticles enhanced not only the discharge capacity 
stability for 300 charge–discharge cycles but also the average 
cell voltage by 0.06 V, which led to an increase in the power 
characteristics of the battery. The SiO2 nanoparticles served as a 
framework for PI polyimide fixed on their surface and retained 
its structure upon metalation with Na. 
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