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Abstract

:

We explore the quantum capacitance, stability, and electronic properties of single-walled carbon nanotubes decorated with B12 icosahedral boron clusters by first-principle calculation methods implemented in the SIESTA code. After the optimization of the built supercells, the B12 clusters formed bonds with the walls of the carbon nanotubes and demonstrated metallic properties in all cases. The network of carbon nanotubes with its large area and branched surface is able to increase the capacity of the electric double-layer capacity, but the low quantum capacity of each nanotube in this network limits its application in supercapacitors. We found that the addition of boron clusters to both the outer and inner walls increased the quantum capacitance of carbon nanotubes. The calculation of the transmission function near the Fermi energy showed an increase in the conductivity of supercells. It was also found that an increase in the concentration of boron clusters in the structure led to a decrease in the heat of formation that positively affects the stability of supercells. The calculation of the specific charge density showed that with an increase in the boron concentration, the considered material demonstrated the properties of an asymmetric electrode.
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1. Introduction


Supercapacitors (SC) are devices with high capacity, power density and long lifetime. They are designed for highly efficient electricity storage and occupy an intermediate position between dielectric capacitors and accumulators [1,2,3,4,5]. SC are also called as electric double-layer capacitors (EDLC), since the charge accumulation occurs at the interface between the electrode and the electrolyte. The electrical capacity of EDLC is much higher than that of traditional dielectric capacitors. As it is known, electrodes of conventional capacitors are made from a metal foil whose small area prevents an increase in the electrical capacity. However, at the present time, supercapacitors use various types of carbon materials with developed surface, for example, activated carbon, where at the electrode–electrolyte interface of a large area electrostatic charge accumulation with reversible ion adsorption is possible [6]. In terms of power density, EDLC occupy a leading position among electrochemical sources, but their energy density is still significantly lower than that of batteries [7,8]. Materials with high electrical conductivity and developed surface for forming a double electrical layer can increase the efficiency and capacity of existing EDLC. Currently, promising materials in this area are carbon nanotubes (CNTs) and graphene [9,10,11,12]. However, the formation of a double layer is not a key factor in increasing the electrical capacity of the EDLC. It was noted that the low quantum capacitance (QC) of carbon materials used as electrodes significantly affected the total EDLC capacity [13,14]. This relationship is described by the equation:


   1   C  Total     =  1   C D    +    1   C Q     



(1)




where CTotal is the total capacity of EDLC, CD—capacity of a double layer, CQ—QC. It follows from Equation (1) that the low QC neutralizes the contribution of the double electric layer to the total EDLC capacitance. The question arises: How to increase the QC? A number of theoretical works demonstrate that an increase in the QC of carbon materials is possible by the adsorption of metal atoms and some nonmetals on their surface or by creating vacancy defects [15,16,17]. These theoretical results are confirmed by experimental works [18,19], which show that modified CNTs have a much larger capacity in comparison to pure CNTs. CNTs can be modified by the adsorption of various atoms and atomic clusters on their walls. One of the most successful CNT modifications is functionalization with boron-containing compounds. For example, in [20], it was shown that the EDLC electrode based on MnO2–CNT–Boron demonstrated the specific total capacity of 1544 F/g after 5000 charge/discharge cycles. The electrode material on the base of multi-walled CNTs doped with boron nitride has the high specific power density of 220 W/kg [21]. The supercapacitors based on CNT and boron nitride are recognized as one of the most effective: its electrode retains 98% of its original total capacity after 10,000 charge/discharge cycles [22].



Thus, numerous modern scientific studies, both experimental and theoretical, prove the relevance and prospects of EDLC electrode materials. At the same time, increasing the efficiency of these materials is really possible due to preliminary research of ways to increase the QC by changing the topology and morphology of the applied materials. An increase in the QC will inevitably lead to an increase in the total capacity of the entire EDLC electrode.



In this work, we identify (I) the dependence of QC of the electrode material based on CNT/B12 on the mass concentration of boron, (II) the regularities of the charge transfer between CNT and B12 clusters, and (III) the regularities of quantum electron transport in CNT/B12 material.




2. Materials and Methods


The search for the ground structure as well as calculations of the electronic structure and energy parameters were performed by the density functional theory (DFT) method using the SIESTA 4.1 software [23,24] with application of the double-ζ plus polarization (DZP) basis set. For the expression of the exchange–correlation energy between interacting electrons, the generalized gradient approximation (GGA) with Perdew−Burke–Ernzerhof (PBE) parameterization was used [25]. The total energy minimization was performed with the application of Hellmann–Feynman forces including Pulay-like corrections and using the modified Broyden algorithm [26]. The variable parameters were atoms coordinates and translation vector lengths. The optimization process was finished when the force acting on each atom became less than 0.025 eV/Å. The temperature in the calculation process was fixed at 300 K. A mesh cutoff of 350 Ry was used for the computation of the electron densities and potentials. The Monkhorst–Pack method with a 1 × 1 × 15 grid was used to sample k-points in the Brillouin zone. The transport properties were calculated using the nonequilibrium Green’s Function (NEGF) formalism in the TranSIESTA package included in the SIESTA code.



The QC CQ was calculated by the formula [27,28]:


       C   Q   ( V )  =    1  mV     ∫  0 V  eD  (   E F  − eV  )  dV  



(2)




where m is mass of an object, V is bias calculated as the change of the Fermi level EF with a change in the object’s charge, e is elementary charge, and D is density of states (DOS) under applied bias.




3. Results


3.1. Atomistic Models


The atomistic model of the EDLC electrode material was a CNT (21.0) with a length of 11.36 Å decorated with boron clusters B12. The translation vector was directed along the Y-axis (along the axis of the tube) and was 12.94 Å. The diameter of the CNT was 16.46 Å. The choice of such a CNT diameter was because tubes of this diameter are most often synthesized [29] and demonstrate a metallic type of conductivity. The clusters used for the modification of nanotubes had an icosahedral shape and contained 12 boron atoms in its structure. At the moment, electrodes based on boron clusters are being actively studied. For example, in [30], the electrode material based on B12 clusters and tungsten oxide showed high cycling, retaining 96% of its original capacity. Figure 1a–f show the optimized supercells of the EDLC electrode material. For convenience, the structure with a single boron cluster is shown at different angles in Figure 1a,b.



As can be seen from Figure 1, five models of the supercells with different numbers of boron clusters and constant nanotube length were built. The boron and carbon atoms formed bonds. The clusters were located both outside and inside of the tube. The clusters were connected sequentially one by one. For the tube of this length, the concentration of boron clusters was not the maximum possible. The mass fraction of boron ranged from 4.12 to 17.68%. The bond length between the boron and carbon atoms on the inner wall of the CNT was 1.70 Å. On the outer wall, the bond lengths were already in the range 1.665–1.674 Å. It should also be noted that the formation energy between the cluster and the tube from the outside was more favorable.




3.2. Electronic and Transport Properties


To estimate the effect of boron clusters on the electronic structure of CNTs, the charge transfer distribution (Figure 2) and DOS (Figure 3) were calculated. As a result of the charge redistribution, in all cases, the tube reported the charge to the boron clusters. At the same time, the clusters inside the tube also lose charge, while the external ones are received. The red color shows the atoms with a deficit of electronic charge. Figure 2e shows the numbering of the clusters and the corresponding charges. It is clearly seen that the internal clusters have lost a little charge, and the external ones have received a little charge. Moreover, the close-sitting clusters No. 1 and 2 together accepted noticeably more charge. So, the cluster landing density plays an important role in charge transfer.



In Figure 3, the black line corresponds to a pure CNT’s DOS curve (EF—Fermi level). Modification of a CNT by boron clusters increased the number of electronic states near the Fermi level, and the profile of the curves became asymmetric. Each addition of a boron cluster increased the intensity of DOS peaks. It can be concluded that boron clusters increased the conductivity of this material, which is very important for its application in the EDLC electrode material.



Next, we calculated the specific QC (CQ) of the studied structures at the different voltage values (Figure 4). Unlike the pure CNT (black curve), the QC of the boron-modified tubes had local maxima near zero volts. With a negative voltage shift in the range from −2 to −3 V, the change in QC was almost the same for each model. However, for the positive voltage shift, the growth of QC occurred abruptly, especially in the range from 0 to 1 V. This was caused by the increase in DOS near the Fermi energy. The maximum value of QC was ≈850 F/g at a bias voltage of 0.1 V. It was achieved in the case of modification by the maximum number of boron clusters. The specific charge density Q_SC of the modified CNTs was calculated by the formula [31]:


       Q    SC   =   ∫  0 V   C Q   ( V )  dV  



(3)




where CQ (V) is QC under the local potential of the electrode V. Graphs are shown in Figure 5. The branch of pure CNT (black) was zero-symmetric. With the addition of boron, the symmetry immediately disappeared, especially for the 4 and 5 boron clusters. The asymmetry of the branches allows us to conclude that this electrode material belongs to the so-called hybrid of a supercapacitor and a battery that can provide both the advantages of a battery (high energy density) and a capacitor (high power density) [32].



At the final stage, for the CNT/B12 supercells, we calculated the transmission function near the Fermi level followed by the calculation of the specific resistivity. As it is known, the EDLC electrode material must have a low specific resistivity to create large discharge and charge currents. In our work, we do not take into account all the parameters of the equivalent series resistance (ESR) of the EDLC material, but the estimation of the resistivity of the electrode material is extremely important, since it is one of the terms for calculating the ESR of the EDLC material [33]. Figure 6 shows the profiles of the transmission functions for the modified CNT. The addition of boron clusters significantly changed the transmission function of the EDLC electrode material models, increasing the number of conduction quanta. At the Fermi level, the CNT@B12x5 model had five conduction quanta, but at the same time, the CNT@B12x1 models had only one quantum. It should be noted that all the profiles of the transmission function contained gaps, but for the pure tube, the gap was located directly near the Fermi level, while for the modified tubes, the gap was shifted from the Fermi level. This result was expected due to the large DOS values at the Fermi level in the modified CNTs. Table 1 below shows the numerical results of the study.



The results of numerical simulation are in qualitative agreement with the results of the experimental work. Indeed, decorating CNTs with boron-containing compounds leads to an increase in the total capacity of the electrodes, which is confirmed by experimental studies [22,34]. It was also experimentally shown in [21] that boron-modified CNTs have lower ohmic resistance, charge transfer resistance, and resistance to ion transfer in the electrolyte than pure CNTs. These differences suggest that boron-modified CNTs have better charge transfer capabilities, allowing ions to move more easily. In addition, such materials have a higher adsorption capacity. In addition, using X-ray energy spectrum analysis (EDS), X-ray photoelectron spectroscopy (XPS), as well as a specific surface area and porosimetry analyzer Brunauer–Emmett–Teller (BET) analyzer, it was found that boron atoms formed bonds with each other, which confirms the energy electronic stability of the material on based on CNT and boron.





4. Conclusions


In the present paper, the objects of the research were models of single-walled CNTs decorated with icosahedral B12 boron clusters. On the base of ab initio calculations performed in the SIESTA software, the energy stability as well as the electronic and the conductive properties of CNTs modified by B12 boron clusters were explored. We found that the addition of boron clusters to both the outer and inner walls of the CNT increased the quantum capacity of carbon nanotubes. The clusters located inside the CNTs reported their charge to the CNTs. The calculation of the transmission function revealed a sharp increase in the conductivity of the modified tubes. The resistivity decreased from 237 to 4.14 μOhm∙m in comparison to the pure CNT. An increase in the concentration of boron clusters in the electrode material reduced its heat of formation. The calculation of the specific charge density demonstrated the asymmetry relative to the positive and negative bias. The obtained results expand the application of electrode material for asymmetric types of EDLC.
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Figure 1. The supercells of the boron-modified nanotubes: (a) CNT@B12x1; (b) CNT@B12x1; (c) CNT@B12x2; (d) CNT@B12x3; (e) CNT@B12x4; (f) CNT@B12x5. 
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Figure 2. The electron density redistribution: (a) CNT@B12x1; (b) CNT@B12x2; (c) CNT@B12x3; (d) CNT@B12x4; (e) CNT@B12x5. 
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Figure 3. The DOS graph for the pure carbon nanotubes (CNTs) and for CNTs decorated with different numbers of boron clusters. 
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Figure 4. The quantum capacitance (QC) graph for the pure CNT and for the CNTs decorated with different numbers of boron clusters. 
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Figure 5. The specific charge density graph for the pure CNT and for the CNTs decorated with different numbers of boron clusters. 
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Figure 6. Transmission functions for the pure CNT and for the CNTs decorated with different numbers of boron clusters. 
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Table 1. The values of specific quantum resistance under zero voltage and specific resistance for pure CNT and for CNTs decorated with different numbers of boron clusters.
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	Model
	Number of Carbon (Atoms)
	Number of Boron (Atoms)
	Mass Ration of the Boron, (wt %)
	Heat of Formation per Atoms, (eV)
	EF, (eV)
	Specific Quantum Capacity under Zero Voltage, (F/g)
	Specific Resistance, (μOhm·m)





	CNT
	252
	0
	0
	−
	−4.768
	20
	237.2



	1
	252
	12
	4.12
	−0.01498
	−4.818
	120
	19.91



	2
	252
	24
	7.906
	−0.02004
	−4.819
	200
	12.13



	3
	252
	36
	11.42
	−0.02301
	−4.856
	502
	8.78



	4
	252
	48
	14.66
	−0.02676
	−4.887
	500
	4.52



	5
	252
	60
	17.68
	−0.02715
	−4.909
	850
	4.14
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