
Page 1/17

Defect-induced B4C Electrodes for High Energy
Density Supercapacitor Devices
Özge Balcı 

Koç University
Ameen Uddin Ammar 

Sabancı University
Merve Buldu 

Sabancı University
Kamil Kiraz 

Pavezyum Chemicals Inc.
Mehmet Somer 

Pavezyum Chemicals Inc.
Emre Erdem  (  emre.erdem@sabanciuniv.edu )

Sabancı University

Research Article

Keywords: varying carbon (C) sources, Boron carbide powders, high-performance supercapacitor devices

Posted Date: February 13th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-219177/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-219177/v1
mailto:emre.erdem@sabanciuniv.edu
https://doi.org/10.21203/rs.3.rs-219177/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/17

Abstract
Boron carbide powders were synthesized by mechanically activated annealing process using anhydrous
boron oxide (B2O3) and varying carbon (C) sources such as graphite and activated carbon: The
precursors were mechanically activated for different times in a high energy ball mill and reacted in an
induction furnace. According to the Raman analyses of the carbon sources, the I(D)/I(G) ratio increased
from ~0.25 to ~0.99, as the carbon material changed from graphite to active carbon, indicating the highly
defected and disordered structure of active carbon. Complementary advanced EPR analysis of defect
centers in B4C revealed that the intrinsic defects play a major role in the electrochemical performance of
the supercapacitor device once they have an electrode component made of bare B4C. Depending on the
starting material and synthesis conditions the conductivity, energy, and power density, as well as capacity,
can be controlled hence high-performance supercapacitor devices can be produced. 

Introduction
Boron carbide (B4C) is one of the hardest materials available to be used for commercial applications. The
utilization of it in high-performance applications is due to its remarkable properties such as high
hardness, high melting point, high elastic modulus, low density, and high neutron absorption cross-
section 1. B4C is a highly demanding refractory material used as controlling rods, shielding material, and

neutron detector in nuclear reactors due to its excellent neutron absorbing ability 2, 3. As the major feature
of B4C is its hardness, it found also applications in making body and vehicle armor 4, cutting tools of

different alloys 5, and blasting nozzles speci�cally in the sintered form 6. B4C has shown great potential

to be used as a primary material in the electronic industry since it is a p-type semiconductor 7. It is used in
thermocouples, transistor devices, diodes and, thermoelectric material owing to its high Seebeck
coe�cient 8. Thin �lms of B4C are used as a protective coating in electronic industries 9.

The composition of the boron carbide, with a stoichiometric formula of B4C, can vary from carbon-rich
(B4.3C) to boron-rich (B~10.8C) by partial substitution of B by C atoms. In the stable phase, the carbon
concentration is generally from 8 at. % to 20 at. %, however, a single crystal of boron carbide (B11.4C3.6 or

B~3.2C) having 24 at. % C concentration is also reported 56. Although the exact phase compositions,
phase stabilities, and the formation mechanisms of defects are not fully understood yet, available
experimental and computational data suggest a rhombohedral structure consists of 15 atoms per
elementary cell with slightly distorted 12-atom icosahedra of B12, B11C, or B10C2 located at the corners

which linked by a central three-atom linear chain of C-C-C, C-B-C or C-B-B, or chains with vacancies 10, 11.
Among them, the hypothetical compound B12 (C–B–C), which is the idealized, energetically most

favorable composition of boron carbide, is preferred for theoretical calculations 12. On the other hand,
stoichiometric B4C with lattice parameters of a=5.16 Å and a = 65.7° is the preferred structure for
commercial use. However, the literature also reports the hexagonal lattice representation of B4C with

parameters of a=5.60 Å, c = 12.07 Å, and an axial ratio of c/a = 2.155 5.
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A perfect structure of boron carbide as depicted above is very di�cult to achieve as the synthesis of B4C

occurs at very high temperatures along with the solute’s increased chemical activities 13. So, the reason
for the formation of potential defect sites in boron carbide are 1) Impurities in initial boron carbide
components b) localized states produced in the sample preparation process, c) the heterogeneity of
component distribution over the bulk of the sample, d) granular occurrence formed because of the hot-
pressing of crystallites, e) development of native defects in boron carbide lattice 14.

For designing e�cient devices based on B4C, an atomistic-level understanding of nature and formation
mechanism of possible planar and point defects in B4C is necessary as defects are one of the most
important factors affecting the mechanical, thermal, optical, and electrical properties of the materials.
Different types of defects in boron carbide can be introduced during the manufacturing process15, 16, may
form during the heat treatment of the samples 17, 18, can be generated under speci�c operating conditions
where the samples subjected to high pressure and shear deformation19-22 or upon irradiation with
neutrons or different wavelengths of light23-27.

Heian et al. synthesized a highly defective nanostructured B4C through ball-milling of stoichiometric
mixtures of amorphous boron and carbon and pressed under an argon atmosphere at high
temperatures16. Contrasting results on the size of synthesized crystallites obtained with TEM and XRD
analyses were attributed to the presence of possible high density of twins present in the B4C structures16.
Ektarawong et al. carried out �rst-principles calculations to investigate the effect of high pressure on the
structural stability of B4C 28. The study showed that the orientational ordering transition temperature of
B4C increases with pressure, and the electronic properties of B4C, i.e., bandgap, is affected by the
con�gurational disorder. Their �ndings also suggest that the increase in bandgap with increased pressure
may be due to the decreasing concentration of high-energy defects28.

Detailed microscopic and spectroscopic analyses along with ab-initio calculations have been utilized to
characterize the possible defects in boron carbides28-32. Even though theoretical predictions assume a
perfect structure with metallic character, experimental results proved that B4C is a p-type semiconductor

with a defect concentration of 1-10% or more 33. The main reason for this discrepancy between
experimental results and theoretical calculations is the high concentration of intrinsic point defects in the
structure 34. Due to the unique rhombohedral structure of B4C, there are many interstitial sites available in
the structure that can accommodate valences and interstitial atoms, which are very common point
defects in B4C. 35 The three-atom chains are suggested as preferred locations for vacancy accumulation
which initiates the formation of C-C bond under high pressure and stress, resulting in shear deformation
along the plane due to the weakened bonding between the C atoms forming the chain 19, 36.

In the light of limited literature data that are so far published, in this work the defect structures will be
mainly investigated via EPR spectroscopy. The concentration of defect centers will be accurately
determined with the help of an analytical spin counting procedure. Finally, the most defective sample will
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be tested in terms of its electrochemical performance and �nally, the features and prospects of B4C
materials in energy storage systems will be discussed. 

Experimental
2.1 Synthesis

Boron carbide powders were synthesized by mechanically activated annealing method by using
anhydrous boron oxide (B2O3) and varying carbon (C) sources such as graphite and activated carbon. In
the mechanically activated annealing (M2A) process, high energy milling provides the mechanical
activation of the powder particles and subsequent annealing enables the activated particles to react at
lower temperatures than thermodynamically required 37, 38. In this study, a mechanical activation assisted
carbothermal reduction process was used to obtain boron carbide powders which are based on the main
principles of M2A routes. Stoichiometric amounts of B2O3 (ETI Mine, 98% purity, 250 µm average particle
size) and C powders were weighed according to the theoretical formation reaction given in Eq.(1) in order
to constitute powder batches of 6 g.

Powder mixtures prepared with graphite (Merck, <50 μm particle size) or activated carbon (Merck, <30 μm
particle size) are mechanically activated in a high energy ball mill (Retsch) operated at 350 rpm for
different times of 3 and 6 h. Ball-to-powder weight ratio (BPR) of 4:1 was used during all milling
experiments. Sample handling was carried out in a glove box (MBraun) under a puri�ed Ar atmosphere to
prevent surface oxidation and contamination of powders from atmospheric conditions. Mechanically
activated powders were pelletized in a cold hydraulic press under a uniaxial pressure of 300 MPa. The
pellets were annealed in an induction furnace (MTI) under �owing Ar gas atmosphere at 1450 °C for 6 h.
The annealing process was performed in a graphite crucible placed in a silica tube. The actual
temperature inside the reaction region was measured by a pyrometer in the direct vicinity of the sample
center. After the reaction, the pellets are grounded in an agate mortar to obtain the �nal powders. The
schematic representation of the synthesis experiment is given in Fig. 1.

Table 1 summarizes the sample names and their synthesis conditions. The reacted products, which were
prepared by using graphite or activated carbon source, were consisted of pure B4C phase containing 13
and 4 % remaining carbon, respectively. Thus, the usage of activated carbon as a carbon source enabled
to reduce the remained carbon phase in the resulting powders. Furthermore, the average particle size of
the synthesized B4C powders was approximately 10 µm.

 

Table 1: B4C powders synthesized using anhydrous boron oxide (B2O3) and varying carbon (C) sources.
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Sample Name

Synthesis conditions

Carbon Source (C) Milling time (h) Reaction

S1@G3 Graphite 3  

induction furnace  
(at 1450 °C for 6 h)

S2@G6 Graphite 6

S3@A3 Active carbon 3

S4@A6 Active carbon 6

 

2.2 Methods

For the structure/surface analysis of the graphite and active carbon powders, the Raman spectroscopy
(Renishaw Invia) technique was utilized. An excitation laser source of 532 nm was used during the
analysis at room temperature. The laser power was kept at 0.1 mW to avoid local heating and phase
transformation through oxidation. EPR measurements were performed with the spectrometer of Bruker
EMX Nano with an integrated referencing for g-factor calculation and also integrated spin counting units.
The microwave frequency of the cavity was 9.41 GHz (X-band) and all spectra were measured at room
temperature with 2 G modulation amplitude, 1 mW microwave power, and 10 scans each scan has sweep
time and time constant of 120 s and 81.92 ms, respectively. Samples were inserted into spin-free 25 cm
long quartz tubes (Qsil®, Germany). The electrochemical performance tests were performed on BioLogic
VMP 300 electrochemical workstation having electrochemical impedance spectroscopy (EIS) channel
unit. All electrical tests were made at room temperature using 6 M KOH as the electrolyte. Whatman glass
micro�bers were used as the separator. Electrochemical properties were examined using potentiostatic
electrochemical impedance spectroscopy (PEIS). PEIS results were accomplished by applying a
sinusoidal signal of 10 mV from 10 mHz to 1 MHz frequency range. Galvanostatic cycling with Potential
Limitation technique (GCPL) was recorded at a scan rate of (10 mV/s) within voltage window − 1 to +1 V
at a current density of 2.5 A/g. The supercapacitor device design has been done as follows: Electrode1:
One of the B4C samples (S1@G3, S1@G6, S3@A3, S4@A6), electrode2: active C, electrolyte: 1M KOH, and
separator: glass �ber.

Results And Discussions
EPR spectroscopic technique is very well suited for understanding the role of native point defects since it
provides a direct way to observe various paramagnetic defect states. Thus, it complements other
experimental methods that are giving information on the electronic structure such as Raman
spectroscopy. Combined studies of Raman and EPR spectroscopy always give extensive information on
the defect structures in particular for SiCN39, MgB2

40, 41, ZnO42, and C-dots43, 44. On the other hand, in B4C
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sample systems, due to lack of analytical characterization such as data from advanced EPR techniques,
which preclude the unambiguous determination of defect states, the role of native defects on B4C
properties remains unclear and is still a matter of debate. This is mainly due to the fact that at present
most of the researchers who investigate B4C properties are trying to improve phase stability while
overlooking the effect of defect structures at a microscopic level. For instance, one of the carbon
inclusions in polycrystalline B4C studies by EPR unambiguously showed that point defects played a
signi�cant role in achieving a much higher surface-to-volume ratio by the inclusion of free C at the
surface layer of the material45. In another study, the dependence on temperature and thermal treatment of
the B4C powders were studied in detail by EPR spectroscopy by just probing the intrinsic defect
structures. It has been demonstrated that native defects of B4C and conduction electrons are responsible

for EPR absorption13.

As a result, in the enlightenment of previous studies, we employed here both Raman and EPR
spectroscopy and deduced the valuable information as follows: Fig. 3 presents the Raman spectra of the
graphite and active C raw materials. The �rst peak is the D-band (pseudo-Voigt) around 1340 cm-1, a
defect-induced Raman mode of graphite that is not observed in perfect graphitic structures46. The G-band
(pseudo-Voigt) around 1580 cm-1 belongs to defect-free graphite47. There are three peaks in the Raman
spectra of graphite presented in the wavenumber range of 100 to 3000 cm-1, which correspond to D-
(~1344 cm-1), G- (~1571 cm-1), and 2D- (sometimes called G') (~2700 cm-1) bands, respectively. The G-
band appeared at a slightly higher wavenumber (~1592 cm-1) in the spectra of active carbon than in
graphite. This shift may result from the crystallite size differences between different carbon domains.

The intensities of these bands are related to the amount of graphitization degree, where the intensity of D-
band is proportional to the amount of disordered sp3 carbon, and the intensity of the G-band is
proportional to the amount of ordered graphitic (sp2) carbon contained in the sample. The 2D-band is
also related to the amount of disordered sp3 carbon, but its intensity usually affects the property of the
used laser. The 2D-band around 2700 cm-1 was not observed in the spectra of active carbon (Fig. 3).
Since this is related to the performance or intensity of the used laser, 2D-band peak is not used for
analyzing the hybridization behavior or conductivity of the samples. Therefore, we compared here the
intensities of the two characteristic main peaks of D- and G-bands, to determine the graphitization degree
of two different carbon precursors.

The D-band, which arises from the defects and disorders in the carbon lattice, signi�cantly increased in
the Raman spectra of active carbon48. Based on the origins of the D- and G-bands, the intensity ratio of
the D- to G-band (I(D)/I(G) ratio) can be used to estimate the defect density of carbon materials 48.
According to the Raman spectra in Fig. 3, the I(D)/I(G) ratio increased from ~0.25 to ~0.99, as the carbon
material changed from graphite to active carbon. The high I(D)/I(G) ratio in the spectra of active carbon
proves its highly defected and disordered structure. On the other hand, a low I(D)/I(G) ratio in the spectra
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of graphite would mean the graphitization is high, which might be lead to a better electrical
conductivity44.

EPR spectroscopy is one of the superior magnetic resonance techniques which give valuable information
on the local electronic con�guration in the crystal lattice. In particular, EPR is extremely sensitive to
paramagnetic metal ions such as Fe3+, Mn2+, and Cr3+ or defect centers of diamagnetic materials where
the electrons are trapped and become ionized hence paramagnetically active. In this context, materials
like semiconductor ZnO49, superconductive MgB2

40 and, high-dielectric Ta2O5
50 show EPR active defect

centers although they are diamagnetic. The formation energy of defect centers mainly determines the
concentration of the defects that mainly exist in the material. The main defect structure discussion in B4C
material is whether the EPR signal arises from the free-carbon or localized-carbon defects. The
discussion in literature mainly focuses on these two main defect centers based on the interexchange of
carbon and boron atoms and the possible existence of B12, B11C, and B10C2 icosahedra, as well as the
permissibility of the C–B–B, C–B–C, and C–C–C chains. In the present work, high-grade B2O3 was used
together with either Active C or graphite for obtaining B4C. The defect structures will be explained by
monitoring the defects in starting materials, basically the carbonaceous ones. Finally, their defect
contribution will be analyzed in B4C. In Fig. 4(a), X-Band (9.64 GHz) room temperature EPR spectra are
given for Active C, graphite, B2O3, and the �nal products of B4C were presented. As expected, diamagnetic
B2O3 in EPR inactive therefore no signi�cant EPR signal was detected. This also shows that the B2O3

starting material is defect-free and does not possess any impurities. In general, high ceramic materials
such as PbTiO3

51, BaTiO3
52, or PbZrTiO3

53 are EPR inactive because their crystal �eld is too high (in the
order of GHz) compared to Zeeman energy. For instance, the crystal �eld energy of ZnO is in the order of
MHz and it always gives EPR signal due to intrinsic defect centers such as oxygen or zinc
vacancies/interstitials54. On the other hand, carbonaceous materials of Active C and graphite both
revealed EPR signal with completely different features. The g-factor and the EPR linewidth of both
carbonaceous materials were different indicating that the defect kinds and their environment are
different. Also, the EPR intensity of both materials is different indicating different concentrations. In the
present case, active C and graphite have two distinct difference i) the isotropic g-factor of active C is
2.0031 and graphite is 2.0098 (refer Table 2) and, ii) the linewidth is much higher for graphitic carbon.
Such distinctive features in EPR signal of defects re�ect their intrinsic characteristics into the produced
end product, B4C. The interesting EPR features can be understood in Fig. 4(b) in accordance with Table 2.
By the aid of sophisticated spin counting procedures it is possible to determine the defect concentration
from EPR spectrum. The details of spin counting procedure are given in Supp. Mater. Shortly, the area of
doubly integrated EPR spectrum is directly proportional to the concentration of paramagnetic species.
Hence, the highest defect concentration here has the S1@G3 sample which is based on graphitic carbon.
Compared to other graphitic samples S1@G6 which is a longer milled S1@G3 sample has almost factor
2 higher defects. One of the best ways to understand the electronic properties of trapped electrons at the
defect sites via EPR is to monitor their EPR intensity change by increasing the microwave (MW) power
gradually. The square root of MW power versus intensity pro�les which are given here in Fig. 4 (c-h) is the
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key results to see whether the defects are contributing to the electrical conductivity or not. Such an
approach has been already applied very effectively to ZnO and other kinds of materials41, 42. According to
the results obtained via microwave power saturation, except for the graphite sample, all other materials
revealed unsaturated line shape. Graphite in Fig. 4(d) has a strong deviation from linear dependency and
at around 25 mW starts to saturate. On the other hand, graphite and active C contains different species of
paramagnetic defects hence they have completely different saturation behavior. On the other hand, all
B4C material revealed an unsaturated curve which also indicates the same kind of defect center which is

paramagnetic. In short, the physical meaning of saturated and unsaturated curves in EPR is as follows49,

55. Easy saturated systems reveal Gaussian type lineshape indicating inhomogeneous broadening. Such
species mostly consist of localized electrons and contribute to conduction whereas non-saturated
systems have EPR line shape of Lorentzian that are mostly localized and give strong deviation from the
free-electron g-factor which is 2.0023. As it is seen in the present case graphite shows both easy
saturation and it has the most deviated g-factor which is 2.0098 as given in Table 2. Thus the B4C
samples synthesized based on graphite will give higher conductivity. Hence we concentrated more to the
sample of S1@G3 which is made of graphite and having the highest defect concentration according to
spin counting. Therefore we have tested its performance in a supercapacitor device and present its
electrochemical performance. 

 

Table 2: g-factors, integrated area of EPR signal, and the accurate defect concentration of carbon-based
starting materials and B4C samples synthesized via various conditions.

  g-factor (isotropic) Integrated area Defect concentration (spins/g)

Active C 2.0031 1.23 x102 2.15x1017

Graphite 2.0098 2.82 x102 4.93x1017

S1@G3 2.0023 4.81 x103 8.41x1018

S2@G6 2.0031 2.52 x103 4.41x1018

S3@A3 2.0025 5.36 x101 9.38x1016

S4@A6 2.0027 4x103 7x1018

 

Finally, in Fig. 5 (a-d) and 6 (a-b) electrochemical performance test of B4C materials is presented when
they are used as an electrode for the supercapacitor device. The device design and the components of the
supercapacitor can be seen in Fig. 2. According to PEIS results given in Fig. 5 (a-d) the pronounced effect
of defect centers can be seen as follows: the equivalent series resistance (ESR) which mostly responsible
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for the charge transfer is too low compared to the other three designs. Based on the Nyquist plot, the
resistance is around 80 Ohm which shows a highly conductive system compared to the ones given in Fig.
5 (b-d). This supercapacitor also did not reveal any other circuit elements such as Warburg. However, the
resistive Warburg element has been obtained for the other three designs indicating at a certain low
frequency the mass transport or ion diffusion starts. This also prevents the system to form a complete
semi-circle. But in the case of S1@G3 a complete semi-circle has been observed thus the designed
supercapacitor has only the ESR and capacitance elements involved in faradaic reactions which gives a
typical Randless cell56. Whereas, the other three cells have modi�ed Randless cell with Warburg element.
Furthermore, this optimized behavior of S1@G3 electrode motivated us to perform GCPL measurements
on it and test its speci�c capacity, energy and power density and, Coloumbic e�ciency.

With the aid of GCPL at the current scan rate of 2.5 A/g very high energy density values were obtained. A
typical supercapacitor device possesses 1 Wh/kg energy and 1000 W/kg power density according to the
given Ragone charts57. In this work, the energy density value is beyond the typical value which is around
a factor 60 higher. Nonetheless, the power density is somewhat half of the typical supercapacitor which
should be enhanced by better designs such as changing the electrolyte or using (reduced) graphene oxide
instead of active C for the second electrode. The results show that the B4C materials are promising
candidates for supercapacitor devices with their high energy density while the major problems of the
supercapacitors are their low energy density. In terms of speci�c capacity, it has been reached around
2000 mAh/g at the �rst cycles which is a good value for a supercapacitor (refer Fig. S1). The Coulombic
e�ciency was obtained by the ratio of charging and discharging curves with respect to cycle number and
as it is seen in Fig. 6(b) the e�ciency is almost outstanding for the device.

The Raman and EPR results indicate a close relationship between the intrinsic defects, starting materials
(synthesis), and electrochemical performance. This has been con�rmed by potentiostatic electrical tests.

Conclusions
In the present study, enhanced characterization techniques were used for identifying the defect centers
and their roles in B4C material. It has been found that the higher the defect concentration the higher the
conductivity. The increase of defect centers is also closely related to starting material but not the B but
the C source. Although several peculiarities of B4C have been studied so far the defect structures
remained somewhat unclear in ceramic society. Moreover here a supercapacitor device design has been
introduced which gives reliable information on the energy storage mechanism of this material system.
Following this, high energy density (58 Wh/kg) and high capacity (2000 mAh/g) values were obtained
meaning that B4C is a promising material for energy storage purposes. The power density is lower than
expected (477 W/kg) but there is plenty of room for this issue to be improved. One of the main strategies
might be changing the synthesis route and by this controlling the defect structures and obtaining better
performance. Alternatively, doping with metal or rare-earth ion, reducing the crystalline size to nanoscale,
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or producing B4C based composites will be another smart approach to get higher electrochemical
performance from B4C.

Declarations
Acknowledgments

This study is supported by a research grant from the Scienti�c and Technological Research Council of
Turkey (TÜBITAK, Grant No: 118C243) in the frame of 2232-International Fellowship for Outstanding
Researchers. EE, MB, and AUA greatly acknowledge the �nancial support of TÜBITAK.

References
1. A. K. Suri, C. Subramanian, J. K. Sonber and T. S. R. C. Murthy, International Materials Reviews, 2010,

55, 4-40.

2. C. Dominguez, N. Cocuaud, D. Drouan, A. Constant and D. Jacquemain, Journal of Nuclear Materials,
2008, 374, 473-481.

3. P. Dünner, H. J. Heuvel and M. Hörle, Journal of Nuclear Materials, 1984, 124, 185-194.

4. R. Morrell, in Reference Module in Materials Science and Materials Engineering, Elsevier, 2016, DOI:
https://doi.org/10.1016/B978-0-12-803581-8.03893-5.

5. F. Thévenot, Journal of the European Ceramic Society, 1990, 6, 205-225.

�. D. Jianxin, Materials Science and Engineering: A, 2005, 408, 227-233.

7. S. Sasaki, M. Takeda, K. Yokoyama, T. Miura, T. Suzuki, H. Suematsu, W. H. Jiang and K. Yatsui, Sci.
Technol. Adv. Mater., 2005, 6, 181-184.

�. M. Bouchacourt and F. Thevenot, Journal of Materials Science, 1985, 20, 1237-1247.

9. Y. Chen, Y.-W. Chung and S.-Y. Li, Surface and Coatings Technology, 2006, 200, 4072-4077.

10. D. Emin, Physical Review B, 1988, 38, 6041-6055.

11. R. Schmechel and H. Werheit, Journal of Physics: Condensed Matter, 1999, 11, 6803-6813.

12. D. Bylander and L. Kleinman, Physical Review B, 1991, 43, 1487.

13. M. G. Kakazey, J. G. Gonzalez-Rodriguez, M. V. Vlasova and B. D. Shanina, Journal of Applied
Physics, 2002, 91, 4438-4446.

14. A. K. Bandyopadhyay, F. Beuneu, L. Zuppiroli and M. Beauvy, Journal of Physics and Chemistry of
Solids, 1984, 45, 207-214.

15. I. D. R. Mackinnon, T. Aselage and S. B. V. Deusen, AIP Conference Proceedings, 1986, 140, 114-120.

1�. E. M. Heian, S. K. Khalsa, J. W. Lee, Z. A. Munir, T. Yamamoto and M. Ohyanagi, Journal of the
American Ceramic Society, 2004, 87, 779-783.

17. K. Sairam, J. K. Sonber, T. S. R. C. Murthy, C. Subramanian, R. K. Fotedar, P. Nanekar and R. C. Hubli,
International Journal of Refractory Metals and Hard Materials, 2014, 42, 185-192.



Page 11/17

1�. U. Anselmi-Tamburini, Z. A. Munir, Y. Kodera, T. Imai and M. Ohyanagi, Journal of the American
Ceramic Society, 2005, 88, 1382-1387.

19. R. Raucoules, N. Vast, E. Betranhandy and J. Sjakste, Physical Review B, 2011, 84, 014112.

20. M. Chen, J. W. McCauley and K. J. Hemker, Science, 2003, 299, 1563-1566.

21. Y. Li, Y. H. Zhao, W. Liu, Z. H. Zhang, R. G. Vogt, E. J. Lavernia and J. M. Schoenung, Philosophical
Magazine, 2010, 90, 783-792.

22. Domnich, Vladislav, Reynaud, Sara, Haber, Richard A. and M. Chhowalla, Journal of the American
Ceramic Society, 2011, 94, 3605-3628.

23. G. Victor, Y. Pipon, N. Moncoffre, N. Bérerd, C. Esnouf, T. Douillard and A. Gentils, Journal of the
European Ceramic Society, 2019, 39, 726-734.

24. P. Singh, G. Kaur, K. Singh, M. Kaur, M. Kumar, R. Meena, R. Bala and A. Kumar, 2018, 1, 258-264.

25. D. Simeone, C. Mallet, P. Dubuisson, G. Baldinozzi, C. Gervais and J. Maquet, Journal of Nuclear
Materials, 2000, 277, 1-10.

2�. K. Gillet, G. Roma, J.-P. Crocombette and D. Gosset, Journal of Nuclear Materials, 2018, 512, 288-296.

27. V. Motte, D. Gosset, S. Miro, S. Doriot, S. Surblé and N. Moncoffre, EPJ Nuclear Sciences &
Technologies, 2015, 1, 16.

2�. A. Ektarawong, S. Simak, L. Hultman, J. Birch and B. Alling, Physical Review B, 2014, 90, 024204.

29. N. Vast, J. Sjakste and E. Betranhandy, Journal of Physics: Conference Series, 2009, 176, 012002.

30. K. Y. Xie, Q. An, M. F. Toksoy, J. W. McCauley, R. A. Haber, W. A. Goddard and K. J. Hemker, Physical
Review Letters, 2015, 115, 175501.

31. E. Betranhandy, N. Vast and J. Sjakste, Solid state sciences, 2012, 14, 1683-1687.

32. B. Chang, B. Gersten, S. Szewczyk and J. Adams, Applied physics A, 2007, 86, 83-87.

33. H. Werheit, Advances in Ceramic Armor X, 2015, 592, 87.

34. H. Werheit, Dordrecht, 2011.

35. R. Schmechel and H. Werheit, Journal of Physics: Condensed Matter, 1999, 11, 6803.

3�. K. M. Reddy, P. Liu, A. Hirata, T. Fujita and M. W. Chen, Nature Communications, 2013, 4, 2483.

37. Ö. Balcı, D. Ağaoğulları, İ. Duman and L. Öveçoğlu, Ceramics International - CERAM INT, 2012, 38.

3�. C. Suryanarayana, Progress in materials science, 2001, 46, 1-184.

39. E. Erdem, V. Mass, A. Gembus, A. Schulz, V. Liebau-Kunzmann, C. Fasel, R. Riedel and R.-A. Eichel,
Physical Chemistry Chemical Physics, 2009, 11, 5628-5633.

40. A. Bateni, E. Erdem, W. Häßler and M. Somer, AIP Advances, 2019, 9, 045018.

41. A. Bateni, E. Erdem, S. Repp, S. Weber and M. Somer, Applied Physics Letters, 2016, 108, 202601.

42. S. K. S. Parashar, B. S. Murty, S. Repp, S. Weber and E. Erdem, Journal of Applied Physics, 2012, 111,
113712.

43. M. Ö. Alaş, A. Güngör, R. Genç and E. Erdem, Nanoscale, 2019, 11, 12804-12816.



Page 12/17

44. R. Genc, M. O. Alas, E. Harputlu, S. Repp, N. Kremer, M. Castellano, S. G. Colak, K. Ocakoglu and E.
Erdem, Scienti�c Reports, 2017, 7, 11222.

45. M. Kakazey, M. Vlasova, J. G. Gonzalez-Rodriguez, M. Dominguez-Patiño and R. Leder, Journal of the
American Ceramic Society, 2004, 87, 1336-1338.

4�. M. A. Pimenta, G. Dresselhaus, M. S. Dresselhaus, L. G. Cançado, A. Jorio and R. Saito, Physical
Chemistry Chemical Physics, 2007, 9, 1276-1290.

47. S. Claramunt, A. Varea, D. López-Díaz, M. M. Velázquez, A. Cornet and A. Cirera, The Journal of
Physical Chemistry C, 2015, 119, 10123-10129.

4�. A. Y. Lee, K. Yang, N. D. Anh, C. Park, S. M. Lee, T. G. Lee and M. S. Jeong, Applied Surface Science,
2021, 536, 147990.

49. E. Erdem, Journal of Alloys and Compounds, 2014, 605, 34-44.

50. R. C. Hoffmann, M. Kaloumenos, D. Spiehl, E. Erdem, S. Repp, S. Weber and J. J. Schneider, Physical
Chemistry Chemical Physics, 2015, 17, 31801-31809.

51. E. Erdem, P. Jakes, S. K. S. Parashar, K. Kiraz, M. Somer, A. Rüdiger and R.-A. Eichel, Journal of
Physics: Condensed Matter, 2010, 22, 345901.

52. H. Rumpf, H. Modrow, J. Hormes, H.-J. Gläsel, E. Hartmann, E. Erdem, R. Böttcher and K.-H. Hallmeier,
The Journal of Physical Chemistry B, 2001, 105, 3415-3421.

53. E. Erdem, R. Eichel, H. Kungl, M. J. Hoffmann, A. Ozarowski, J. V. Tol and L. C. Brunel, IEEE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, 2008, 55, 1061-1068.

54. T. Ruf, S. Repp, J. Urban, R. Thomann and E. Erdem, Journal of Nanoparticle Research, 2016, 18, 109.

55. D. V. Savchenko, E. N. Kalabukhova, A. Pöppl, E. N. Mokhov and B. D. Shanina, physica status solidi
(b), 2011, 248, 2950-2956.

5�. N. Sekar and R. P. Ramasamy, Journal of Microbial and Biochemical Technology, 2013, 5, S6-004.

57. M. Zhang, Z. Sun, T. Zhang, B. Qin, D. Sui, Y. Xie, Y. Ma and Y. Chen, Journal of Materials Chemistry A,
2017, 5, 21757-21764.

Figures



Page 13/17

Figure 1

Schematic representation of the B4C synthesis experiment.

Figure 2

Design of the supercapacitor device and its real photograph while it is testing via potentiostat.
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Figure 3

Raman spectra of graphite and active C materials with their Gaussian �ts (green) in order to determine
the band ratio.
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Figure 4

(a-b) X-band continuous wave EPR results and, (c-h) experimental and �tted EPR power saturation curves
for starting materials and B4C samples.
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Figure 5

PEIS results of B4C materials obtained from the supercapacitor design given in Fig. 2.
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Figure 6

(a) Power and energy density, (b) Coulombic e�ciency for about 30 scans of S1@G3 sample as an
electrode. This sample has been synthesized by the graphite and B2O3 as starting materials and the
highest defect concentration obtained from EPR.
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