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ABSTRACT 

Synthesis of stable hybrid carbon nanostructure for high performance supercapacitor electrode 

with long life-cycle for electronic and energy storage devices is a real challenge. Here, we 

present a one-step synthesis method to produce conductive boron-doped hybrid carbon 

nanowalls (HCNWs), where sp2-bonded graphene has been integrated with and over a three-

dimensional curved wall-like network of sp3-bonded diamond. The spectroscopic studies such 

as X-ray absorption, Raman, and X-ray photoelectrons clearly reveal the co-existence of 

diamond and graphene in these nanowalls, while the detailed transmission electron microscopy 

studies confirm the unique microstructure where a diamond nanowall is encased by a multi-

layered graphene. Interestingly, these HCNWs yield a high double layer capacitance value of 

0.43 mF cm-2 and electrode retention of 98% over 10000 cycles of charging/discharging in 1M 

Na2SO4 electrolyte. The remarkable supercapacitive performance can be attributed to the 3D 

interconnected network of diamond nanowalls surrounded by highly conducting graphene. 

*Electronic mail: susanta.roy@snu.edu.in

 ken.haenen@uhasselt.be 
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INTRODUCTION 

The increasing demand for portable electronic devices highlight the need for high performance 

compact energy storage equipment. Batteries and/or electrochemical supercapacitors (ESCs) 

are known to be the most practical, efficient and promising energy storage devices so far, 

though the performance of batteries are restricted by electrochemical (EC) volumetric reaction 

and the rate of solid-state diffusion. Also the lifetime of the best batteries (lithium ion) is limited 

to only hundreds or thousands of cycles.1-2 However, in supercapacitors the charge-discharge 

rate is high enough to provide lifetimes over millions of cycles.3 As a consequence, ESCs can 

sometimes replace batteries in applications like handheld electronics, transportation, and 

storage of renewable energy for the power grid, where high power delivery with long cycle life 

is required.4 A large variety of active material such as graphene,5-8  carbon nanotubes (CNTs),9-

10 activated carbon,11-12 polymers,13-14 and many pseudocapacitive materials15-16 have been used 

as a ESC. Among them, graphene and CNTs are the most potential candidates in today’s 

energy-storage landscape. However, their application is hindered by their low energy density 

values17 and high production cost. Alternative ways to deliver a high capacitance value is to 

use pseudocapacitive materials i.e. oxide-based electrodes or their composites. But the 

limitations in their redox kinetics reactions reduce the power capabilities of pseudocapacitive 

ESC devices.18-21 Therefore, designing an efficient energy storage material which can deliver 

high energy with a lifetime that can exceed or matches that of conventional batteries remains a 

challenge. 

For ESC applications, especially in electrical double layer capacitor (EDLC), sp2-bonded 

carbon allotropes such as graphene, CNTs, etc. have dominated over other materials due to 

their large specific capacitance values.22 However, the small EC potential window (1.23 V) in 

aqueous solution limits their energy storage performance significantly.23-24 On the other hand, 

conductive diamond electrodes (p- and n-type doped) show a comparatively larger potential 
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window in both aqueous (~3.2 V) and organic electrolytes (~4.6 V).25-28 Also it has been 

speculated that diamond samples with a high defect density, show rich surface chemistry 

providing indeed advantages to diamond electrodes for designing new types of 

supercapacitors.28-29 However, bulk boron doped diamond electrodes exhibit low EDLC values 

and a large interfacial impedance which hinders their performance with respect to other 

electrode materials.30-31 These limitations can be solved partially by preparing nanostructured 

diamond material.32-33 Moreover, integration of multiple carbon allotropes especially the 

combination of sp2 and sp3 phases (graphene-diamond, CNT-diamond etc.) in a single hybrid 

nanostructure has garnered attention because of their synergistic physical and electronic 

behaviours. Like for a graphene-diamond composite, in addition to the hardness and chemical 

stability of diamond, graphene offers high mobility of charge carriers, huge surface area, 

exceptional electrical and thermal conductivity, high aspect ratio etc. The composition (ratio 

of sp3 to sp2), morphology, microstructure and the boundary effect of the hybrid structure 

modify the electrochemical accessibility of the electrolyte and hence the charge transfer 

kinetics at the surface.25,34 Thus, a hybrid nanostructure synthesized by a combination of two 

allotropes are believed to be very much promising for superior supercapacitive characteristics. 

In this work, three-dimensional (3D) hierarchical carbon nanowalls (HCNWs) comprised of a 

boron doped diamond-multilayered graphene were synthesized in a one-step microwave 

plasma enhanced chemical vapour deposition (MWPECVD) technique. The supercapacitors 

designed from these HCNW electrodes provide a high specific capacitance value with a 

remarkable long-term stability. To understand the key factors responsible for their impressive 

energy storage performance, the HCNW electrodes were characterized in detail by different 

microscopic and spectroscopic tools. Furthermore, the possible mechanism for the high ESC 

performance of HCNWs is discussed in detail using an in-depth electrochemical 

characterization. 
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EXPERIMENTAL SECTION 

HCNWs were synthesized on (100)-oriented silicon substrates using a MWPECVD (SEKI 

Technotron AX5400S, Japan) system. Prior to the growth of the HCNWs, the silicon substrates 

were seeded by spin-coating a diamond slurry, which yields high seeding densities in the range 

up to 1010 cm−2.35 The nanowalls have been fabricated using the following process conditions: 

gas mixtures H2, CH4, B2H6, and N2 with a total flow of 328 sccm; microwave radiation of 2.45 

GHz; microwave power up to 1300 W and a process pressure of 50 Torr. The nanowalls were 

grown for 6 h to reach a thickness of 3.2 μm, which is estimated from the cross-sectional 

scanning electron microscopy (SEM) micrograph (Figure S1). The [B]/[C] ratio in the plasma 

was set to 2000 ppm. During the process, the substrate holder was heated up to 700°C by an 

induction heater, which was controlled by a thermocouple. 

The morphology and the microstructure of the HCNWs were examined using scanning electron 

microscopy (SEM; EVO-40, Zeiss, Germany) with an accelerating voltage of 10 kV and 

transmission electron microscopy (TEM; Jeol 2100F) with electron energy loss spectroscopy 

(EELS; Gatan Enfina) in TEM, respectively. The 3D reconstruction of SEM image was 

performed by a technique described in http://gwyddion.net/, where the scale of grey colour was 

calibrated as depth. The crystalline quality of the nanowalls was characterized by using micro-

Raman spectroscopy (InVia, Renishaw, UK; λ = 514 nm argon ion laser excitation). The local 

bonding environment was investigated by X-ray absorption spectroscopy (XAS), performed at 

room temperature in total electron yield mode at the soft X-ray absorption beamline (BL-1) of 

the Indus-2 synchrotron radiation source at Raja Ramanna Centre for Advance Technology, 

Indore, India. . The X-ray photoelectron spectroscopy (XPS) analysis was carried out in 

Escalab 250 Xi spectroscope (Thermofisher Scientific, UK). The spectra were recorded in the 

C1s, B1s and N1s energy range, using 20 eV pass energy and 0.1 eV energy step size. The 

spectroscope is equipped with Al K source. Charge compensation was controlled through the 
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low-energy electron and low energy Ar+ ions emission by means of a flood gun. The Avantage 

software for spectral deconvolution was provided by the manufacturer. 

EC measurements of the HCNW electrodes were carried out on the Autolab potentiostat-

galvanostat PGSTAT302N system (Metrohm, Netherlands). For electrochemical 

characterization, cyclic voltammetry (CV) was performed in a three-electrode cell with a Pt 

wire as counter electrode and Ag/AgCl as reference electrode and 5 mM Potassium Ferro/Ferri 

cyanide in 0.1 M KCl was used as electrolyte. Supercapacitor performance was tested with a 

similar electrode assembly in 1 M Na2SO4 electrolyte within the voltage ranging from 0 V to 

0.8 V. The galvanostatic charge-discharge (GCD) was done using the chrono-potentiometry 

mode, within the predefined cut off voltage range obtained from CV measurements. The 

electrochemical impedance spectroscopy (EIS) measurements were executed in FRA potential 

scan mode with the same electrode-electrolyte arrangement. A sinusoidal signal having root 

mean square value of 10 mV was applied as a perturbation within the frequency range from 0.1 

Hz to 100 kHz. The as-obtained Nyquist plots were fitted using the NOVA (version 1.11) 

software. 

RESULTS AND DISCUSSION 

The high-resolution SEM of the HCNWs shown in Figure 1a reveals the dense and curled 

morphological nanowalls of lengths around 1-3 μm. The 3D reconstruction SEM image shown 

in the inset of Figure 1a discloses that the thickness of nanowalls is around 80 to 100 nm with 

sharp edges at the top of the nanowalls. This nanowall network results in a high-density 

valley/pore like formation that appears as darker regions in the 3D SEM image. The carbon K-

edge XAS spectrum of HCNWs shown in Figure 1b displays a hybrid carbon structure. A 

typical sp2-bonded carbon characteristic peak observed at 285.0 eV (1s → π*) is mainly 

signified for graphite materials (Figure S2).36 Moreover, a specific feature of a diamond exciton  
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Figure 1. (a) SEM micrograph and the corresponding three-dimensional (3D) reconstruction SEM image of 

HCNWs as inset, (b) normalized C-K edge XAS spectrum with inset of micro-Raman (λ = 514 nm) spectrum of 

HCNWs, (c) high-resolution XPS spectra for HCNWs recorded for C1s, B1s (inset I) and N1s (inset II) regions. 

sharp peak at 289.0 eV and the other specific feature of a dip at 302.5 eV which represents a 

second absolute gap in the diamond band structure demonstrate unambiguously the similar 
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features of a single crystalline diamond.37-39 An additional broad hump centred on 287.0 eV 

corresponds to chemisorbed oxygen functionalities (C=O). 

The inset of Figure 1b illustrates the micro-Raman spectrum of HCNWs. A broad peak at 

around 480 cm-1 is related to boron doping in the HCNWs.40 A prominent peak of the D band 

at around 1350 cm-1, which is related with disordered sp3-hybridized carbon featured as defects 

or impurities in carbon materials. The G band around 1584 cm-1, which is associated with the 

E2g phonon modes of the sp2-bonded carbon. A broad 2D peak around 2700 cm-1 originates 

from a second-order process. The I2D/IG ratio is about 0.23, indicating that the carbon clusters 

are ultra-thin multilayered graphene.41 A (D+G) band at 2938 cm-1 is related to the defects in 

sp2 sites and a graphene domain edge in the HCNWs.42 The characteristic diamond peak 

observed at 1332 cm-1 is not seen in the Raman spectrum because micro-Raman spectroscopy 

is highly sensitive to sp2 sites, especially for the wavelength employed here. Furthermore, the 

high-resolution XPS analysis results are presented in Figure 1c. The analysis was performed in 

order to determine the surface bonding characteristics of HCNWs. In the C1s spectrum, the 

most notable components are located at binding energy 284.3 and 285.1 eV and could be 

ascribed to sp2-carbon and sp3-carbon, respectively. The spectrum discloses that the carbon 

clusters are dominated by sp2 carbon bonding (peak intensity of 74.6%) and sp3 carbon bonding 

(peak intensity of 16.7%). The boron incorporation is revealed in the C1s spectrum in the form 

of an additional deconvolution peak located at 283.1 eV.43-45 The C-N peak at 286.2 eV (peak 

intensity of 0.9%) implies the presence of nitrogen in the sample. The level of surface oxidation 

is small and manifests itself in the form of C1s peak at 286.2 eV characteristic for carbonyl 

bonds46-47 but also B1s peak for oxidized boron at 190.0 eV.44,47 The broad B1s peak (inset I 

of Figure 1c) was deconvoluted to three components, where the major contribution came from 

B-C interaction at 187.9 eV and elemental boron at 186.1 eV apart from previously mentioned 

oxidized boron.44,48-49 Despite a very high contribution of nitrogen during the CVD process, its 
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low incorporation can be seen on the base of N1s spectrum (inset II of Figure 1c), reaching a 

peak intensity of 0.4%. 

TEM studies were performed to unravel the microstructure of HCNWs. Figure 2a shows the 

bright field TEM micrograph (BF-TEM) of the HCNWs, indicating that the carbon clusters of 

nanowall geometry are uniform and densely distributed in the samples. The grains oriented 

near some zone-axis strongly diffract electrons and show high contrast. High contrast of these 

carbon clusters implies that they are well crystallized and diffract electrons strongly. The 

adjacent grains are oriented away from the zone-axis, showing no contrast. A selective area 

electron diffraction (SAED) pattern shown in the inset of Figure 2a reveals the presence of a 

strong diffraction ring (designated as “G” and indicated by the arrow), which corresponds to 

the presence of abundant graphene (G) phase. There also exists a strong diffuse ring in the 

center of SAED, which corresponds to amorphous carbon, presumably coming from the trans-

polyacetylene located in the grain boundaries. An extra ring exists near to the (111) ring, 

corresponding to n-diamond, which is a metastable allotropy of diamond with FCC structure 

and cell parameter of 0.356 nm.50 A high resolution TEM (HRTEM) micrograph shown in 

Figure 2b, corresponding to the region ‘A’ in Figure 2a, discloses the presence of a core-shell 

granular structure, i.e.- a diamond core encased in a multilayered graphene shell. The Fourier 

transformed (FT) diffractogram of the whole structure image (FT0b) indicates that the cubic 

diamond structure (3C diamond) is present, providing the existence of diamond and the donut-

shaped diffused diffraction ring located at the center of FT image, which corresponds to 

graphene phase. A FT image of the designated region “1” (ft1 image) indicates that, the 

nanowalls contain mostly the diamond (D) phase along with some multilayered graphene, 

whereas the ft2 image of the designated region “2” reveals the presence of graphite (G) phases. 

Tilting the samples slightly such that the large aggregates “A” gets oriented away from the 

zone axis, weakly diffracting the electrons and exhibiting low contrast, the microstructure of 
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the background materials shows up. Interestingly, the BF-TEM image in Figure 2c, which 

shows the microstructure of the same region as that in Figure 2a, reveals that the HCNWs 

contain a large number of small carbon clusters (indicated by arrows). This proves that these 

ultra-small carbon clusters with needle-like geometry are distributed all over the whole region 

in the large carbon nanowalls, which is in accord with the 3D-SEM micrograph (inset “I” of 

Figure 1). The SAED pattern in the inset of Figure 2c shows the same features as revealed by 

the SAED pattern in the inset of Figure 2a. A structure image shown in Figure 2d corresponding  

 

Figure 2. (a) A bright field TEM (BF-TEM) micrograph of the HCNWs, whereas the corresponding SAED pattern 

is shown as inset. (b) High resolution TEM micrograph taken at the region marked as “A” in “a” with the Fourier 

transformed diffractogram corresponding to entire structure image shown as inset “FT0b”. (c) A tilted-view BF-
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TEM micrograph of “a” with the corresponding SAED pattern shown as inset. (d) High resolution TEM 

micrograph taken at the region marked as “B” in “c” with the Fourier transformed diffractogram corresponding 

to entire structure image shown as inset “FT0d”. The ft1-ft4 images show the FT images corresponding to regions 

“1-4” of the structure images, respectively. (e) Boron and carbon core-loss EELS spectrum corresponding to BF-

TEM micrograph in “a”. 

to the marked region “B” in Figure 2c reveals the presence of a sharp edge carbon cluster 

formed at the tip of core-shell structured grains. The FT0d image corresponding to the entire 

structure image in Figure 2d contains diffraction spots arranged in a ring and a diffuse 

diffraction ring at the centre, indicating the co-existence of randomly oriented nano-sized 

diamond and graphene clusters. The ft3-image corresponding to region “3” highlights an ultra-

small diamond cluster as core with multilayered graphene as shell, whereas the ft4-image 

corresponding to region “4” highlights sp2-bonded graphene phases encasing diamond core. 

Region “4” contains a larger proportion of diamond, as compared with the region “3”, as 

inferred by the relatively higher intensity of the diamond ring in ft4. 

The local bonding characteristics of these HCNWs are analysed using EELS in TEM. The core-

loss EELS spectrum in the boron and carbon K-edge region for HCNWs (Figure 2e), which 

corresponds to the BF-TEM micrograph in Figure 2a, was recorded. The features of the B K-

edge EELS are dominated by a sharp peak at 195.0 eV assigned to the transition of boron 1s 

electrons to unoccupied π* states, similar to the case of carbon. A broad peak at 205.0 eV 

represents the transition of boron 1s electrons to unoccupied B–C or B–B sigma anti-bonding 

σ* states.51 In the case of C K-edge EELS, a sharp peak at 289.5 eV (σ* band) and a dip valley 

in the vicinity of 302.0 eV signify the sp3-bonded carbon (the diamond).52 A large bump occurs 

at 285.0 eV (π* band) representing sp2-bonded carbon.52-54 Hence, the microscopic and 

spectroscopic results imply that HCNW is actually a nanocarbon hybrid material, consisting of 

diamond as core and multilayered graphene as shell. 
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The growth process of HCNWs involves H+, HyCNHx, BHx , CH+
x and C2 species in the 

plasma, which are responsible for such a developed the nanowall-like structure formation.45,55 

The diamond core of the nanowalls originates from overgrown nanodiamond grains used for 

the seeding. The CH+
x radicals and C2 are mostly presumed to be the growing species for 

diamond. The new diamond clusters renucleated frequently due to the presence of abundant C2 

species in the plasma, ensuing in ultra-small diamond grains.56 Furthermore, BHx and HyCNHx 

radicals were mainly responsible for the developed nanowall morphology attributed to the 

twinning surface processes,57 which might be originated from the formation of a boron rich 

cluster. Thus, graphene shells are ascribed to the degenerated growth of diamond phases caused 

predominantly by BHx and HCN species.45  

To gain insight into the intrinsic electrochemical activity of HCNWs, first the electron transfer 

kinetics of HCNW electrodes were investigated employing a electrochemical redox couple 

([Fe(CN)6]
3-/4- in 0.1M KCl) in cyclic voltammetry (CV) measurements. Undoped carbon 

nanowalls (UCNWs) were also used for comparison. The fabrication of UCNWs was described 

elsewhere.58 It is known that redox couple [Fe(CN)6]
3-/4- does not involve simple electron 

transfer to metal or carbon electrode where electrodes act as a source and sink of electrons. 

Especially for carbon based electrodes, the electron transfer kinetics are strongly depending on 

the edge plane exposed on sp2 bonded carbon and the reaction rate is increased proportionally 

with the exposed edge planes.59-60 In addition, the electron transfer kinetics are also very 

sensitive to the surface oxygen functionalities. Numerous reports have revealed the degree of 

reversibility of a redox reaction; i.e. the anodic and cathodic peak potential separation (ΔEp) is 

much larger in case of an oxygen terminated surface and can be reduced by removing the 

oxygen functionalities.61 Here, the ΔEp values for HCNWs and UCNWs obtained from the 

cyclic voltammetry curves (Figure S3a) are 276 mV and 415 mV respectively. Therefore, low 

ΔEp and high peak currents (ip,a/ip,c = 295.44/286.43 µA) for HCNWs might be due to the larger 
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fraction of exposed edge planes of sp2 bonded carbon and less surface carbon-oxygen 

functionalities (i.e. carboxyl groups) as confirmed by Raman, XAS and XPS analyses. The 

coulombic efficiency (η%) of the electrode materials i.e. the ratio of cathodic to anodic peak 

current, also shows a greater value for HCNW (96.9 %) over UCNW electrodes (92.6 %) 

indicating a high charge retention of the [Fe(CN)6]
3-/4- redox couple in 0.1 M KCl solution. 

Moreover, a significant drop in the half-cell potential (to 230 mV) for HCNWs as compared to 

UCNWs (~456 mV), implies an improved electrode stability of HCNW. It can be analysed 

from the scan rate dependence CV curves for the HCNW electrodes (Figure S3b) that both 

anodic and cathodic peak currents are proportional to the square root of the scan rate (inset of 

Figure S3b) and the ΔEp value increases with increasing scan rate. These results are consistent 

with the results for quasi reversible redox systems using glassy carbon electrodes.62-63 The 

electrochemical parameters calculated from CV curves are summarized in Table S1. The 

electrochemical results designate that the HCNWs possess the desired properties with requisite 

surface structure, chemical bonding environment and electronic properties in support of quick 

electron transfer. Therefore, a 3D porous network of HCNWs with sp2 carbon rich edge sites 

contribute more significantly to fast electron transfer kinetics as compared to UCNWs and can 

be beneficially employed as a working electrode material for supercapacitor applications. 

In order to evaluate the supercapacitive performance of the HCNW, CV curves were recorded 

for both the electrodes, the HCNWs (Figure 3a) and UCNWs (Figure S4a) in 1M Na2SO4 

aqueous solution with varying scan rates. As expected, the capacitive current enhances with 

increasing scan rates and the CV curves show a symmetrical parallelogram shape, signifying a 

practical EDLC type capacitive behaviour for both the electrodes. This appears due to faster 

charging/discharging of exterior surface than the pores in nanowall electrode.64-65 A significant 

enhancement in the current and the integrated area under the CV curve is noticed in HCNW 

compared to the undoped ones (for comparison, CV curves are overlapped for both the 
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electrodes in Figure S4(b). The double layer capacitance is calculated from the enclosed area 

under the CV curve using the following equation, 

𝐶 =
1

2
 

∫ 𝐼 (𝑉)𝑑𝑉

∆𝑉×𝜗 ×𝐴
               ------------------------------(1) 

 

Figure 3. Supercapacitor performance of HCNWs in 1M Na2SO4 aqueous solution: (a) Cyclic voltammograms at 

the scan rate varying from 10-90 mV s-1, (b) galvanostatic charge-discharge curves at current densities from  2.55-

7.65 μA cm-2  in a potential window of 0-0.8 V, (c) variation of specific capacitance with specific current and 

inset shows percentage of capacitance retention as a function of charge-discharge cycles at 2.55 μA cm-2 current 

density, (d) experimental and fitted impedance spectra  for HCNWs, inset I shows the corresponding impedance 

spectra  of UCNWs and inset II shows the equivalent electrical circuit model. 

where, ∫ 𝐼 (𝑉)𝑑𝑉  is the total current enclosed, ∆𝑉 is the potential window and 𝜗 is the scan 

rate, A is the geometrical area of the capacitor electrode. The capacitance value for HCNW 

was found to be ~ 94 μF cm-2 at a scan rate of 10 mV s-1, whereas for the UCNWs, the value 

reached only ~38.9 μF cm-2. The obtained specific capacitance values at different scan rates 
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for both electrodes are shown in Figure S4c indicating a good capacitive behaviour and a fast-

ionic diffusion in the pores of the HCNWs. Whereas, a poor capacitive performance is observed 

for the undoped material, which could be attributed to the poor electrical conductivity.  

In the next step, the galvanostatic charge-discharge (GCD) method was employed to determine 

the specific capacitance and cyclic stability of the HCNW electrode within the same potential 

range obtained from CV (0 - 0.8 V versus Ag/AgCl ref. electrode) using 1 M Na2SO4 as 

electrolyte. The equation employed to find out specific capacitance from GCD is 

𝐶 =
1

2

𝐼×∆𝑡

∆𝑉×𝐴
              -------------------------------(2) 

Where, I is the capacitive current obtained from GCD, Δt is charge and discharge time, ΔV is 

the scanned potential window, A is the effective geometrical area of the capacitor electrode. 

GCD curves for HCNWs at current densities ranging from 2.55 to 7.65 μA cm-2 (Figure 3b) 

show linear and symmetric nature during charging and discharging cycles, which delineate an 

excellent stable capacitive characteristic and high reversibility of the electrode. With increasing 

current density, the time required for one charge cycle is becoming less. For comparison, the 

GCD curves of both HCNWs and UCNWs are represented in Figure S4d, which also suggests 

the superiority of HCNWs over UCNWs in terms of charge storage capability by higher charge-

discharge duration. The value of specific capacitance calculated from GCD curve was found 

to be ~ 0.43 mF cm-2 for HCNWs, whereas it is merely 32.5 μF cm-2 for undoped ones at the 

current density 2.55 μA cm-2. The quantified values of specific capacitances of HCNWs at 

different current densities using equation 2 are plotted in Figure 3c. As a key factor of 

utilization of HCNW for EDLC applications, charging/discharging was carried out again in 1M 

Na2SO4 at a current density of 2.55 μA cm-2 to evaluate the capacitance retention or cyclic 

stability of the HCNW. The variation of capacitance retention as a function of cycle number is 

plotted in the inset of Figure 3c. A remarkable retention (~97.6%) after 10000 cycles can be 
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seen which demonstrates an outstanding stability of the electrodes. The specific capacitance 

value obtained from Figure 3b is listed and compared with other electrode materials in Table 

1. 

Table 1 The specific capacitance values of HCNW electrodes compared to the other electrode 

materials in different electrolytes reported in literature. 

 

Finally, we performed electrochemical impedance spectroscopy (EIS) studies in 1 M Na2SO4 

to evaluate the impedance and electrode kinetics of the HCNW and UCNW electrodes.80 In 

Capacitor Electrodes Electrolyte Capacitance (μF/cm2) 

Carbon nanotubes66-67 Organic electrolyte 59 

Graphene68 Aqueous 1040 

Graphene67-69 Organic electrolyte 414 

Activated carbon67 Aqueous 315 

Nanodiamond66 NEt4BF4/acetonitrile 4 

Boron doped diamond (BDD)29 Na2SO4 3.67 

BDD70 KCl 15.1 

BDD70 BMIMBF4 10.9 

Diamond71 Tetraethylammonium 

tetrafluoroborate 

(Et4NBF4)/Propylene 

carbonate (PC) 

15.2 

Diamond71 1 M H2SO4 10.3 

N-doped ultrananocrystalline diamond72 Phosphate buffered saline 

(PBS, NaCl) 

17 

Silicon nanowires73-75 NEt4BF4/PC, PYR13 

TFSI 
2350 

Silicon nanotrees76 NEt4BF4/ PC 84 

Diamond-coated silicon wire77 PMPyrrTFSI/PC 105 

Diamond foam78 PMPyrrTFSI/PC 0.43 × 103 

Diamond foam78 NaClO4 0.5 × 103 

Diamond paper79 NaClO4 0.6 × 103 
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order to understand the charge transfer kinetics and ionic diffusion of the electrodes, a Nyquist 

plot is obtained for both the electrodes (Figure 3d), where the real part of the impedance is 

plotted as a function of its imaginary part. The diameter of the semi-circular part in the 

impedance spectra provides the qualitative description about the magnitude of the charge 

transfer resistance of the system81 where a higher diameter signifies a high charge transfer 

resistance. The small semi-circular region in the HCNW electrodes indicates better charge 

transfer kinetics as compared to the UCNWs (inset I of Figure 3d) and further confirms a higher 

electrical conductivity in the HCNWs sample.  

An equivalent electrical circuit was modelled and is represented in the inset II of Figure 3d. 

The circuit can be classified into three distinct parts. The first part of the circuit is constructed 

using a series resistance (RS), which takes care of solution resistance and contact resistance. 

The second and third part of the circuit is consisting of charge transfer resistances and constant 

phase elements (CPE). The charge transfer resistance arises due to the fast-faradic reaction at 

electrode-electrolyte interface. The variation in potential, non-linearity and inhomogeneity in 

the system lead to include CPE in the model circuit which is a mixture of resistance and 

capacitance. The CPE (Q) can be denoted as: 𝑄 = 𝑌𝑜(𝑗𝜔)−𝛼, where 𝑌𝑜 = 1
𝐶⁄  for 𝛼 = 1 and, 

𝑌𝑜 = 𝑅  for 𝛼 = 0; 𝐶 and 𝑅 represents the capacitance and resistance respectively. 𝛼 is labelled 

as the exponent of CPE. For a zero value of 𝛼 the component is purely resistive and for 𝛼 = 1, 

the component is purely capacitive. The second portion of the equivalent circuit represents the 

electrode kinetics of the electrode material. In the circuit representation of this region, Q1 arises 

due to the diamond nanostructure and Q2 corresponds to the silicon substrate. These kinds of 

model circuits can also be found in other reports.82-84 The last part of the equivalent circuit is a 

parallel combination of a charge transfer resistance (RCT2) and Q3, and can be correlated with 

the electrode kinetics of the electrode and electrolyte interface and is already reported in the 
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literature.85 The goodness of fit (χ2) for UCNWs and HCNWs are calculated as 0.03 and 0.02, 

respectively, implying an excellent fitting. 

The circuit parameters extracted from the model equivalent circuits are represented in Table 

S2. The series resistance (Rs) for the HCNW specimen was found to be ~66.3 Ω which was 

much lower as compared to the simple UCNW (~200 Ω). The charge transfer resistance (RCT1) 

for the undoped sample was calculated as ~1000 Ω. But a substantial 10-fold decrease in the 

charge transfer resistance and the RCT1 value of 100 Ω was evaluated for the HCNW sample. 

The minimal series and charge transfer resistance in the HCNWs can be attributed to both the 

doped diamond core and the multilayered graphene shell, which collectively enhanced the 

electronic conductivity. Such hybrid nanostructure is also found to be beneficial in dragging 

the charge transfer resistance between the electrode and electrolyte (RCT2 ~1 kΩ) well below 

that of the UCNW sample (~1.48 MΩ).  

Thus, the better supercapacitor performance of the HCNW electrodes can be correlated with 

the presence of electrochemically stable diamond nanowalls and graphene encapsulation layers 

where graphene is boosting energy storage capacity in the HCNW, by providing large specific 

surface area and enhancing charge transfer kinetics. However, we believe that performance of 

such hybrid material can be improved in future by optimizing the pore size distribution, 

incorporating pentavalent impurities (such as nitrogen, phosphorus etc. instead of boron), by 

surface termination (H2, O2, N2 etc.) and incorporation of some pseudocapacitive material (such 

as TiO2, MnO2, etc.). 

Conclusions 

A facile way of fabricating HCNWs and the efficacy of this material as electrode for developing 

energy storage systems have been demonstrated. The hybrid nanowall electrodes evince high 

capacitance value, long term capacitance retention, supported by electrochemical 
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measurements like CV, GCD, etc. Such brilliant performance is ascribed to the formation of 

the 3D nanowall geometry, a large surface area, and an improved electrical conductivity. The 

nanowall morphology was confirmed by SEM, whereas XPS, Raman, XAS, TEM and EELS 

unveil the inclusion of boron as well as co-occurrence of diamond and graphene, with the 

former as a core encased in a multilayered graphene shell. Such clever engineering of graphene 

on diamond might helped to enhance the available surface area for electrolyte reaction, charge 

carrier mobility. All these together create an improved interphase/interfacial dynamic of 

physicochemical processes. This study could expectantly spread out the extent and freedom of 

implementation of new hybrid diamond materials for future energy storage devices. 

Supporting Information 

Electrochemical parameters obtained from cyclic voltammetry measurements of HCNWs and 

UCNWs electrodes in 0.1M KCl containing 5mM [Fe(CN)6]
3-/4 (Table S1), Circuit parameters 

for model equivalent circuit obtained from EIS of HCNWs and UCNWs (Table S2), Cross-

sectional scanning electron micrograph of HCNW (Figure S1), XAS spectrum of graphite 

(Figure S2), Electrochemical performance of the HCNW and UCNW electrodes in 0.1M KCl 

containing 5 mM [Fe(CN)6]
3-/4 (Figure S3), Comparison of supercapacitor performance of 

HCNW and UCNW electrodes in 1M Na2SO4 (Figure S4). 
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