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Abstract

Direct synthesis of nano-structured carbon hybrid consisting of vertically aligned carbon 

nanograss on top of boron-doped nanocrystalline diamond is demonstrated and the carbon 

hybrid is further applied as an electrode material for the fabrication of supercapacitor. The 

hybrid film combines the dual advantages of sp2 (carbon nanograss) and sp3 (nanocrystalline 

diamond) bonded carbon, possessing not only the excellent electrical characteristics of sp2 

carbon but also exceptional electrochemical stability of sp3 carbon. As a result, the specific 

capacitance of the as-prepared hybrid material reaches upto 0.4 F cm-2, one of the highest 

reported in diamond-based supercapacitors. The entire electrochemical results exhibit 

enhanced electron transfer efficiency with remarkable stability of 95% of capacitance 

retention even after 10000 cycles.

1. Introduction

Driven by the mandate for miniaturized energy storage systems in portable electronics, digital 

communications and renewable energy for power grids, the last two decades have seen a 

tremendous amount of research on the energy storage topic.1-3 An electrochemical (EC) 

supercapacitor (SCs) is an energy storage device, offering the best solution in many 

mainstream energy applications. In EC SCs devices, the energy is stored at the electrode and 

electrolyte interfaces.4 Designing a proper electrode material is therefore an important issue 

for these kinds of EC storage devices. Since the discovery of synthetic nanocarbon allotropes, 

carbon nanotubes (CNTs), graphene and activated carbon have been regarded as a suitable 

platform for a plethora of electrochemistry-based applications including energy storage.5, 6 

The foremost advantages of CNTs and graphene-based materials over other commonly used 

carbonaceous material (glassy carbon and diamond-like carbon) are their unique charge 
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transport characteristics, combined with their unique low dimensional profile.7-10 Moreover, 

attempts have been made to combine graphene and CNTs to prepare electrode materials for 

rechargeable Li-ion batteries as well as SCs.10 A significant increase in the energy storage 

capacity has been observed in this type of hybrids where CNTs are acting as the bridge for 

rapid electron transfer between the graphene sheets. 11 However, small working potential 

window in aqueous solution (~1 V) and EC instability especially towards oxidation reaction 

limits their applicability in energy storage.12

Boron doped diamond (BDD), is known for its extreme stability in a wide range of 

corrosive media like fluoride and alkaline and a boiling mixture of HNO3 and H2SO4.13  

Moreover, a wide potential window even in aqueous solution (~3.2 V) makes BDD very 

attractive to be used as an electrode material for SCs.14, 15 Because of these unique physical 

and EC properties, BDD has fascinated attention worldwide in electrochemical research since 

1990s. However, typical BDD has a low surface area, which limits its applicability for EC 

energy storage.16 The introduction of high surface area (CNTs or graphene) on BDD is 

believed to be very promising from the technological point of view. In these hybrid materials, 

sp2 carbons (CNTs, graphene) serve the purpose of high charge carrier mobility, high surface 

area, excellent electrical conductivity and the rich surface chemistry of sp3 carbon (diamond) 

provides the desired EC stability.  However, experimental fabrication of low dimensional sp2 

carbon on the diamond surface with proper designing of porosity/structure and their 

orientation is challenging. Up to now, only few successful attempts have been made to 

integrate sp2 and sp3 carbon materials. For example, Nuno et al. demonstrated the 

applicability of diamond-graphite nanoplatelets as an electrochemical sensor.10 Lee et al. 

showed CNT/BDD core-shell nanowire electrode has a much superior electrochemical 

performance than that of the lateral BDD electrode.17 In our previous work, we fabricated 

vertically aligned BDD-graphene hybrid nanowall electrode for SC application.18 However, 
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the synthesis of these hybrids involves multi-step process and time-consuming as well. 

Therefore a facile single step growth of hybrid structure comprising sp2 carbon on sp3-

diamond is of a great challenge. In addition, selection of electrolyte is another aspect that also 

need attention in order to improve the SC performance.

In general, inert electrolytes are commonly employed in carbon-based (activated 

carbon, graphitized carbon, diamond-like carbon) SC devices for the formation of electrical 

double-layer capacitors (EDLC) at the electrode-electrolyte interface.19 Whilst, the 

introduction of soluble redox species (transition metal ions, halide ions, phenylamide, etc.) 

into the electrolyte improves the charge storage capacity of any carbon-based SC device.20, 21 

These redox-active species involves in a fast faradaic electron transfer reaction at the 

electrode-electrolyte interface and such SC is termed as pseudocapacitor.22 Therefore, apart 

from the manufacture of proper electrode materials, both inert and redox electrolytes 

contributions need to be carefully considered. 

In this contribution, a unique single-step growth of a boron doped nanocrystalline 

diamond-carbon nanograss hybrid (we termed it as hybrid carbon nanograss or ‘HCNG’) 

using microwave plasma enhanced chemical vapour deposition (MWPECVD) is presented, 

where the growth conditions varied subsequently during the single synthesis run. Moreover, 

the plasma was burning continuously during HCNG growth inducing both surface deposition 

and in-depth structural transformations. Boron doped nanocrystalline diamond (BNCD) and 

carbon nanograsses (CNGs) are sp3 and sp2 carbon hybrids, where the preferential vertical 

orientation of sp2 bonded CNGs is witnessed on the top of BNCD grains. The suitability of 

this hybrid electrode in the development of reliable electrochemical SC is demonstrated using 

both inert electrolyte (1M Na2SO4) and redox pair contained electrolyte (1M Na2SO4 + 0.05 

M Fe (CN)6
3-/4-). In addition, in-depth material characterizations (morphological, 
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microstructural and electrochemical) are carried out to find out the responsible factors for the 

excellent SC performance.

2. Experimental details

HCNGs were synthesized on silicon substrates by a MWPECVD (2.45 GHz SEKI 

Technotron AX5400S, Japan) system. Prior to the deposition of these hybrids, the nucleation 

of the silicon substrates were carried out by a suspension containing nanodiamond particles 

(BlueSeeds, AdamasNano, USA) and de-ionized water. A gas mixture of H2/CH4/B2H6/N2 

(85%/5%/9%/1%) with a total flow rate of 265 sccm was utilized to grow HCNGs at a 

microwave power of 1100 W, a process pressure of 35 Torr. The total growth time is 20 h. 

The substrates were heated to about 650°C using an induction heater and the substrate 

temperature was measured by a thermocouple. At first 20 min of MWPECVD growth, we 

applied a negative bias voltage of -200 V to improve the nucleation process of these hybrids.

The surface and cross-sectional morphologies were inspected with a scanning electron 

microscope (SEM; FEI Quanta FEG 250; 10 kV beam accelerating voltage with SE-ETD 

detector (secondary electron Everhart−Thornley detector) working in a high-vacuum mode 

(10-4 Pa pressure)). The Raman spectrum of the material was recorded within a range of 200–

3200 cm−1 using a micro-Raman spectrometer (STR) with a 532 nm argon-ion laser. To 

investigate the surface element compositions and chemical binding properties, high-

resolution X-ray photoelectron spectroscopy (XPS) studies were conducted on an Escalab 

250 Xi from Thermofisher Scientific with an Al Kα radiation. Pass energy of 20 eV was used 

for recording the spectra. Compensation of charge was regulated through the low energy 

Ar+ ions emission and low-energy electron using a flood gun with emission current, filament 

current and beam voltage of 150 mA, 3.5 A and 2.1 V respectively. For thorough 
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understanding, the deconvolution process of the spectra was done with Avantage software 

(Thermofisher Scientific). A transmission electron microscopy (TEM, Jeol 2100F) and 

electron energy loss spectroscopy (EELS) in TEM was used to examine the microstructure 

and the bonding characteristics of this hybrid. The TEM samples were prepared by removing 

the HCNGs from the Si substrates, followed by ultrasonication in absolute ethanol and 

coating the TEM grids with a few microliters of the solution.

Electrochemical (EC) measurements including cyclic voltammetry (CV), 

galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS) of 

the prepared HCNG electrode material were performed on an Autolab potentiostat-

galvanostat PGSTAT302. A standard three electrode cell was employed to inspect the 

electrochemical performance of the electrodes where the HCNG was used as a working 

electrode, Ag/AgCl as a reference electrode, and Pt wire as a counter electrode. To execute 

the EC experiments, two types of electrolytes were used. First an inert aqueous solution of 

1M Na2SO4 for HCNG electrical double layer capacitors (EDLCs), then a redox-active 

electrolyte (0.05 M K3Fe(CN)6/K4Fe(CN)6 in 1M Na2SO4) was utilized to fabricate HCNG 

pseudocapacitors (PCs). CVs were performed at different scan rates ranging from 10 – 100 

mV s-1. GCD was done at different current densities within the predefined cut off voltage 

range acquired from CV. The EIS measurements were also conducted with the same 

electrode-electrolyte arrangement within 0.1 Hz to 100 kHz frequency range. The Nova 

software (version 1.10) was used to fit the as-recorded Nyquist plots.

3. Results and discussion

Figure 1a shows the cross-sectional SEM micrograph of the HCNGs which reveals the CNGs 

are grown vertically and randomly all over the BNCD surface, no branching was detected. 

The tips of the individual grass components are very sharp, with a thickness at the bottom 

being around 50100 nm while at the top they become almost point-shaped giving rise to a 
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grass-like structure. The average height of the nanograss is ~2 μm. The plan-view SEM 

micrograph in the inset of Figure 1a shows the cauliflower-like grains of the BNCD base. The 

nanograsses are projecting out of the BNCD films.

In order to examine the different carbonaceous phases present in the hybrid 

nanostructure, Raman spectroscopy was carried out (Figure 1b). The Raman spectrum of 

hybrid shows three prominent peaks; the D peak  at ~ 1352 cm-1, the first order G peak at  ~ 

1582 cm-1, and the 2D peak at ~ 2596 cm-1. The D band is forbidden in defect-free graphite 

structure and its appearance in Raman spectrum is connected with double resonance Raman 

processes induced by lattice disorder or bent sp2 carbon bonds, causes in-plane breathing 

vibrations of the aromatic ring structures (A1g symmetry) while the G band is assigned to the 

in-plane stretching vibration of sp2 carbon (E2g symmetry).23, 24 The less intense Raman 

structure observed above 2500 cm-1 consists of an overtone of D band centered at 2696 cm-1 

(2D) and a combination of D and G bands (D+G) centered at 2900 cm-1.25, 26 The broad and 

low-intensity band around 451 cm-1 appears due to boron-induced lattice defects; specifies 

the existence of boron in the diamond lattice.27, 28 The peak positions, full width at half 

maximum and the intensities of D and G bands determined by Lorentzian fitting of Raman 

spectrum and the fitted parameters are listed in Table S1. The ID/IG, and I2D/ID ratio (Table 

S1) for the hybrid points to a multiwalled carbon nanotube (MWCNT) like structure,29, 30 as 

the top layer on BNCD (cf. Fig. 1(b)).

The chamical bonding and constituents of hybrid structure were futher investigated 

using XPS and shown in Figure 1c. The primary constituent of the examined samples is sp2-

carbon, reaching over 60 at.%, analyzed by the peak component located at 284.0 eV (see 

Figure 1c).31, 32 The second most notable component observed for the C1s spectrum is 

ascribed to sp3-carbon at 284.8 eV. Notably, the sp2-to-sp3 ratio estimated based on XPS peak 

deconvolution was equal to 2.7:1, which is comparable to the previously obtained results.31 
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The aforementioned structural modification originates from boron and nitrogen incorporation 

into the nanograss lattice, revealed through the appearance of additional spectral components. 

The peak at 282.5 eV indicates boron incorporation32-35 while the peak at 286.6 eV 

corresponds to C-N bonds, but also C-O interaction makes the exact separation impossible. 

Finally, the last peak at 289.2 eV should be ascribed to surface carboxyl species.36 The 

aforementioned analysis find its confirmation in the B1s and N1s spectra. The broad peak 

shape in the B1s region (inset (c1) of Figure 1c)) indicates complex boron interactions within 

the nanograss lattice. Most notable components are related to elemental boron and B-C bonds 

(over 1 at.% each),31, 32, 35, 37, 38 however the contribution at 189.5 eV and 191.0 eV indicates a 

small presence of B-H and B-O interactions, respectively.39, 40 Alternatively, the peak 

revealed in the  N1s spectrum (inset (c2) of Figure 1c)) lies in the energy range characteristic 

for a C-N interaction.31 Its share however is negligible and does not exceed 0.2 at.%.

TEM was used to examine the microstructure of this hybrid. A bright field TEM (BF-

TEM) micrograph (Figure 2a) associated to the BNCD region reveals an acicular nature of 

carbon nanoclusters, which are uniformly dispersed in the amorphous carbon matrix. The 

inset of Figure 2a shows the selective area electron diffraction (SAED) pattern of Figure 2a. 

The SAED contains (111), (220), and (311) diffraction rings of the sp3-bonded diamond 

lattice and a bright diffuse ring at the center of the SAED indicates the existence of sp2-

bonded carbon in this hybrid. The Fourier transformed (FT) diffractograms taken from 

regions 13 of high resolution TEM (HRTEM) micrograph (Figure 2b) represent the 

existence of diamond, graphite and n-diamond (n-D; an allotrope of diamond)41, 42 in the 

BNCD films. The HRTEM micrograph in Figure 2b is corresponding to the region “A” in 

Figure 2a. Moreover, Figure 2c displays the TEM microstructure of CNGs. The HRTEM 

micrograph (Figure 2d), corresponding to region “B” in Figure 2c, comprises 510 nm sized 

carbon clusters. The existence of different carbon phases, diamond, n-D, and graphite phases, 
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in the CNGs are revealed by the FT images taken at the regions 46, respectively. 

Furthermore, the carbon K-edge EELS spectrum acquired for HCNGs (Figure 2e) contains a 

strong σ* contribution at 292 eV and deep valley at 302.0 eV, which signifies the presence of 

sp3-bonded carbon.42 In addition, a core-loss feature in the carbon-K edge at 285 eV (π* 

band) confirms the existence of graphite.43, 44 The TEM observations of the HCNGs are in 

accord with the Raman and XPS studies (cf. Figure 1).

The TEM observations clearly indicate that once the CNGs start forming, the 

formation of nanodiamond clusters in the materials slowly reduced. This evident that CNGs 

are originated from the nanographitic clusters contained in the BNCD layer. Hence the 

formation mechanism of BNCD and CNG is mostly determined by the reactions of the 

growth plasma and surface induced by the biased voltage. The CH4/H2/B2H6/N2 plasma used 

to grow this hybrid mainly contains H+, C2, CH, CN, N2, and BH species, respectively. 

Basically the C2 and CH species are responsible for the formation of diamond, graphite and 

amorphous carbon and the CN and H species are assisting to vary the microstructure of the 

materials.45 Once bias is applied, the kinetic energy of these active species increases 

evidently.46 As the nanographites are energetically favorable than the nanodiamonds, they 

form preferentially due to bias.46-48 The nanodiamond clusters are also formed because of 

active C2 species in the plasma. Hence the BNCD layer contains nanodiamond clusters along 

with the nanographitic phases, which is evident through TEM (cf. Figure 2a). Once the bias is 

closed, the nanodiamond clusters are not formed due to insufficient kinetic energy of the 

species and hence the nanographites in BNCD layer help as nuclei for the origin of carbon 

nanograsses (cf. Figure 2c).

After exploring the structural properties, the HCNG was used as electrode for 

constructing electrochemical SC. The capacitive behavior was first checked in 1M Na2SO4 

aqueous solution. The cyclic voltammetry (CV) curves recorded within the potential window 
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-0.2 V – 1.0 V at different scan rates (Figure 3a) show a symmetrical quasi-rectangular nature 

representing a practical EDLC type capacitive performance. With increasing scan rate, the 

capacitive current enhances. The area enclosed under the CV curves provides specific areal 

capacitance values at different scan rates by using the following equation (1):

   ----------------------(1)𝐶𝐴= 1

2

∫𝐼(𝑉)𝑑𝑉𝛥𝑉 × ʋ × 𝐴
Where, ʃI(V)dV is the total current obtained, ΔV is the potential window, ʋ is the scan 

rate and A is the geometrical area of the electrode. At the scan rate of 10 mV s-1, the obtained 

specific capacitance is 0.17 mF cm-2. The variation of specific capacitances with scan rates is 

shown in Figure S1a.

In the next step, the galvanostatic charge-discharge (GCD) technique was employed 

to further estimate the capacitance value of the HCNG. The related GCD curves at various 

current densities from 6 µA cm-2 to 20 µA cm-2 within the same potential window as obtained 

from CV are presented in Figure 3b. During charging and discharging, the curves are almost 

linear and symmetric at higher current densities which demonstrate excellent stable 

capacitive behavior and very good reversibility of the electrodes. At lower current density (6 

µA cm-2), very small nonlinearity was observed, which is due to the charge transfer resistance 

of the nanostructure and electrolyte interface. The time required for one charge-discharge 

period decreases with increasing current density. At a current density of 6 µA cm-2, the 

specific capacitance value calculated from GCD is 0.3 mF cm-2, obtained using the equation 

(2):

  ---------------------(2)𝐶𝐴= 1

2

𝐼 × ∆𝑡∆𝑉 × 𝐴
Where I is the capacitive current obtained from GCD, Δt is the charge and discharge time, 

ΔV is the scanned potential window, and A is the geometric area of the capacitor electrode. 
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The specific capacitances at different current densities using equation (2) are plotted in 

Figure S1b. 

After examining the EDLC performance, HCNG PCs were constructed by using a 

redox active electrolyte to further improve the electrochemical activity. In this work, 0.05 M 

Fe(CN)6
3-/4- was added in 1 M Na2SO4 aqueous solution. The related CV measurements 

(Figure 3c) were done in a potential window of (-0.5) V – 1 V with different scan rates 

varying from 10 mV s-1 to 100 mV s-1. All the curves show a well-defined pair of peaks 

corresponding to the redox reactions of Fe(CN)6
3-/4-. The specific capacitance value evaluated 

using equation (1) is 0.4 F cm-2 at a scan rate of 10 mV s-1. The variation of the obtained 

capacitance values with scan rate is graphed in Figure S1c.

Associated GCD curves using redox species contained electrolyte with a variation of 

current density from 3 mA cm-2 to 20 mA cm-2 in the potential range of -0.5 V to 1 V (as 

gained from CV) are shown in Figure 3d. A nonlinear characteristic with plateaus was 

observed for every curve, which indicates the pseudocapacitive behavior of the electrode-

electrolyte assembly caused by the redox reactions of Fe(CN)6
3-/4-. The specific capacitance at 

a current density of 3 mA cm-2 was found to be 0.25 F cm-2 (using equation (2)) and the 

change of capacitance value with current density is mapped in Figure S1d. It is noticeable 

that the capacitance values of HCNG PCs with redox active electrolyte obtained from both 

CV and GCD measurements are almost three fold higher than those of HCNG EDLCs with 

neutral aqueous solution (the enhancement of capacitance value was from the order of mF 

cm-2 to the order of F cm-2). Such an excellent improvement in the supercapacitor 

performance is related to the fast and reversible faradaic reactions of the redox pair present in 

the electrolyte interface which brings an additional pseudocapacitance along with the EDLC 

contribution. The energy efficiency of HCNG electrodes at current density 3 mA cm-2 is 

found to be 84%. Self-discharge profile of HCNG in redox active electrolyte is shown in 
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Figure S2 determining the unforced decrease in voltage of charged capacitor in open circuit 

condition. For this measurement, the system was charged to 1 V at 3 mA cm-2 current load 

and then left open circuited for 100 hours. A sharp voltage drop upto ~0.3 V was observed 

during the first few minutes (around 8 minutes) of the test followed by a very stable behavior 

for the rest of the time. The quick drop in voltage signifies the redox active electrolyte based 

system where the stable linear profile indicates the plateau potential of GCD.49 After 94 

hours, it again started decreasing and after 100 hours the voltage drop was upto 0.25 V only 

demonstrating a very good self-discharge performance. As a key factor of utilization for 

practical purposes, the capacitance retention or the cycling stability of HCNGs was examined 

by charging-discharging at a current density 3 mA cm-2 and plotted as a function of cycle 

number in Figure 4a. After 10000 cycles, an outstanding stability of 95% was observed which 

evinces an excellent stability of the electrode. Following 10000 cycles of charging-

discharging, the surface of the electrode was examined using SEM (inset of Figure 4a), which 

reveals that there is not much variation in porosity as well as surface morphology of the 

electrode in comparison to as-grown HCNG shown in Figure 1a. The obtained specific 

capacitance value was also compared with other carbon based electrodes (listed in table 1) 

which clearly shows the superior capacitive behavior of the material. Apart from the cycling 

method, an alternative method known as floating (or voltage holding) test was also performed 

in 0.05 M Fe(CN)6
-3/-4 contained 1 M Na2SO4 to imvestigate the long term stability of the 

electrode.50 In this method, the electrode is permanently kept at maximum voltage to 

accelerate the ageing mechanism. For our case, each floating cycle involved several charge-

discharge measurements with a current density 3 mA cm-2 followed by constant voltage hold 

at 1 volt (higher voltage side of the potential window obtained from CV and GCD as 

discussed before) for 2 hours. This process was repeated for 164 hours until 20% loss of 

capacitance was reached. Figure S3a represents the variation of capacitance retention with 
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floating time. It is observed that the specific capacitance increases for first 36 hours of 

floating and then gradually it starts to decrease. After 164 hours, it shows 77.8% of 

capacitance retention indicating very good stability of the electrode material. The 

improvement in capacitance retention in first few hours can be explained by more adsorption 

and intercalation of the electrolyte ions into the internal pores of HGNG electrode.49, 50 The 

CV response of the HCNG electrode before and after floating test are shown in Figure S3b. 

This reflects the irreversible nature of the electrode attributing a little shift of the redox peaks 

towards higher potential sides and broadening of the peaks after executing the floating test 

which may be caused due to higher potential attained by the electrode for long time. Another 

two important capacitive characteristics to define electrochemical performance are energy (E) 

density and power (P) density; higher the values of these two, better the SC performance. For 

this study, E density and P density are calculated for three-electrode configuration using the 

following equations.

  ------------------- (3),𝐸= 1

2
𝐶𝐴𝑉2

  ------------------ (4)𝑃= 𝐸𝛥𝑡𝑑𝑐
Where, CA is the acquired areal specific capacitance, V is scanned potential window 

as obtained from CV and Δtdc is the discharge time. For HCNGs in redox active electrolyte, 

Ragone plot connecting areal E density and average P density was plotted in Figure 4b which 

shows E and P density values ranges from 78.1 µWh cm-2 to 17.7 µWh cm-2 and 2.8 mW cm-

2 to 18.7 mW cm-2 respectively for current densities varying from 3 mA cm-2 to 20 mA cm-2. 

Figure 4b also summarizes the E and P densities of other diamond structure and silicon 

nanowire based electrode materials available in literature which illustrates the outstanding 

energy as well as power delivery of HCNGs in Fe(CN)6
3-/4- contained Na2SO4 aqueous 

electrolyte.51-55
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Table 1. Comparison of specific capacitance values of HCNG electrodes with other electrode 

materials in different electrolytes reported in literature.

Capacitor Electrodes Electrolyte Capacitance (μF cm-2)

Carbon nanotubes56, 57 Organic electrolyte 59

Graphene58 Aqueous 1040

Graphene57-59 Organic electrolyte 414

Activated carbon57 Aqueous 315

Boron doped diamond (BDD)16 Na2SO4 3.67

BDD60 BMIMBF4 10.9

Diamond61 Tetraethylammonium 

tetrafluoroborate 

(Et4NBF4)/Propylene 

carbonate

15.2

N-doped ultrananocrystalline diamond62 Phosphate buffered saline 

(PBS/ NaCl)

17

Silicon nanowires51, 63 PYR13TFSI, 

NEt4BF4/Propylene 

carbonate  

2350

Silicon nanotrees54 NEt4BF4/Propylene 

carbonate

84

Diamond-coated silicon wire64 PMPyrrTFSI/Propylene 

carbonate

105

N-doped laser induced graphene65 Potassium polyacrylate–

potassium hydroxide gel

720

3C-SiC/graphene hybrid nanolaminate films66 Na2SO4

TBABF4

(Fe(CN)6
3−/4−)+ Na2SO4

549.9

297.3

62.2 × 103

Hybrid Carbon Nanowalls18 Na2SO4 0.43 × 103

Diamond foam67 PMPyrrTFSI/PC

NaClO4

0.43 × 103

0.5 × 103

Diamond paper3 NaClO4 0.6 × 103

Diamond network68 Fe(CN)6
3−/4− + Na2SO4 73.42 × 103

Carbon nanofiber on boron doped diamond19 Fe(CN)6
3−/4− + Na2SO4 136.8 × 103

Phosphorus-doped nanocrystalline diamond69 Na2SO4

Fe(CN)6
3−/4− + Na2SO4

11.40

63.56 × 103

HCNGs [This work] Na2SO4

Fe(CN)6
3−/4− + Na2SO4

0.3 × 103

400 × 103
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Lastly, EIS was performed to understand the electrode kinetics and impedance of the 

HCNGs. The Nyquist plots  acquired in both kind of electrolytes i.e. 1M Na2SO4 aqueous 

solution (Figure 4c) and the redox species containing electrolyte (1 M Na2SO4 + 0.05 M 

Fe(CN)6
3-/4-) (inset (I) of Figure 4c)), help to comprehend the conductivity and the ion 

diffusion of the electrode material. The Nyquist plots show near vertical and linear 

characteristics in the low frequency region which indicates an ideal capacitive behavior of 

HCNG electrodes. Little deviation from the utmost ideality can be attributed to the frequency 

dispersion resulting from the grass-like structure as confirmed by SEM (cf. Figure 1). No 

distinct semicircular region was seen in the Nyquist plots of the electrode using both kind of 

electrolytes, which signifies a very low faradaic current.70, 71

To analyze the results, an equivalent electrical circuit well-fitted to the Nyquist plot is 

shown in the inset (II) of Figure 4c. The circuit can be categorized into three separate parts. 

The first part consist of a series resistance Rs, which describes the solution resistance 

including the internal resistance of the electrode. The second and third parts of the circuit 

incorporate charge transfer resistances (RCT) and constant phase elements (CPE). RCT arises 

due to the rate of redox reactions at the electrode electrolyte interface.72 CPE is an empirical 

distributed element, which is a combination of resistance and capacitance and is widely used 

to describe the non-ideality of the system. The impedance of CPE (Q) can be formulated as 

Q=Y0(jω)-α, where the exponent α is associated with the degree of non-ideality. For α=0, Y0= 

R, the component becomes purely resistive, and for α=1, Y0= 1/C, the component becomes 

purely capacitive.73 The second part of the circuit depicts the kinetics of the electrode 

material. Absence of a well-defined semi-circle indicates a very small charge transfer 

resistance (RCT) at the electrode/electrolyte interface, because the grass-like structure favours 

the ion transfer kinetics of the HCNG film. 

Q1 emerges from the hybrid nanostructure of HCNG and Q2 refers to the silicon substrate 18. 
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Such type of model circuits can also be found in other articles as well.74, 75 The last portion of 

the circuit, a parallel link between a charge transfer resistance (RCT2) and Q3, can be 

associated with the kinetics of the electrode-electrolyte interface.76 The goodness of fit (χ2) 

for Na2SO4 aqueous solution and Fe(CN)6
3-/4- contained Na2SO4 is 0.01 and 0.006 

respectively that implies excellent fitting.

The fitted circuit parameters are tabulated in Table S2. The series resistance of the 

HCNG electrode dipped in 1M Na2SO4 aqueous electrolyte was ~69 Ω, which was dropped 

to 10 Ω when 1 M Na2SO4 + 0.05 M Fe(CN)6
3-/4- was used as electrolyte. The charge transfer 

resistance (RCT1) of the neutral aqueous solution was found to be 100 Ω, but an almost 5-fold 

substantial decrement in RCT1 value (~27.9 Ω) in redox species contained Na2SO4 solution 

leads to the fact that the improved performance of HCNGs in redox species active electrolyte 

can be attributed to both carbon nanograss decorated BNCD and the inclusion of 

pseudocapacitance by redox active species in the electrolyte. This sort of electrolyte 

additionally helps to reduce the charge transfer resistance (RCT2) at the electrode-electrolyte 

interface (~50 Ω), compared to the neutral aqueous electrolyte.

Thus, the enhanced SC performance of the HCNG electrodes can be associated with the 

presence diamond nanograss which provides large specific surface area and improved charge 

transfer kinetics while BNCD base facilitates electrochemical stability. However, we believe 

that the SC performance of HCNG electrodes can further be improved by surface treatment 

and introducing dopants like nitrogen, phosphorous etc.

4. Conclusions

Boron doped nanocrystalline diamond-carbon nanograss hybrids i.e. HCNGs have been 

synthesized by the microwave plasma-enhanced chemical vapor deposition technique and 

further utilized for supercapacitor applications. The HCNG electrode manifests excellent 

Page 16 of 29Nanoscale

N
an
os
ca
le
A
cc
ep
te
d
M
an
us
cr
ip
t

P
u
b
li

sh
ed

 o
n
 0

1
 A

p
ri

l 
2
0
2
0
. 
D

o
w

n
lo

ad
ed

 b
y
 U

n
iv

er
si

ty
 o

f 
R

ea
d
in

g
 o

n
 4

/7
/2

0
2
0
 8

:5
1
:1

3
 P

M
. 

View Article Online

DOI: 10.1039/D0NR00230E



capacitance value along with noteworthy capacitance retention. Its electrochemical 

performance in both aqueous and redox active electrolyte has been assessed and supported by 

CV, GCD and EIS. A much higher capacitance value was obtained with HCNG PCs with 

redox active solution compared to HCNG EDLCs with inert aqueous solution. Such clever 

implementation can be accredited to the unique one-dimensional grass-like geometry of 

CNGs and improved electrical conductivity due to the co-formation of nanographite and 

diamond phases in BNCD. As a consequence, these generate an enhanced 

interphase/interfacial physicochemical dynamics. Therefore, for future energy storage 

systems, the study would pave a broader research aspect of such new hybrid diamond 

materials.
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Figure 1. (a) The cross-sectional SEM micrographs of HCNG hybrid, corresponding plan-

view image is shown in the inset. (b) Raman spectrum of HCNG hybrid. (c) C1s XPS 
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spectrum of HCNG hybrid along with B1s (inset “c1”) and N1s (inset “c2”) XPS spectra of the 

material.

Figure 2. (a) The BF-TEM micrograph of the BNCD region of the HCNG hybrid, whereas 

the corresponding SAED pattern is shown as inset. (b) A HRTEM micrograph corresponding 

to the region “A” designated in (a). (c) The BF-TEM micrograph of the CNG region of the 

HCNG hybrid. (d) A HRTEM micrograph corresponding to the region “B” designated in (c). 

The Fourier transformed (FT) diffractogram images corresponding to the regions “16” of 

the structure images (b and d) show the existence of diamond, n-diamond and graphite phases 

in the HCNG hybrid, respectively. (e) Carbon K-edge core-loss EELS spectrum of HCNG 

hybrid.
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Figure 3. Supercapacitor performance of HCNG electrodes: (a) Cyclic voltammograms at 

scan rates varying from 10 to 100 mV s-1 and (b) galvanostatic charge-discharge curves at 

current densities from 6 to 20 µA cm-2 in 1 M Na2SO4 aqueous solution. (c) Cyclic 

voltammograms at scan rates varying from 10 tp 100 mV s-1 and (d) galvanostatic charge-

discharge curves at current densities from 3 to 20 mA cm-2 in redox active electrolyte of 0.05 

M Fe(CN)6
-3/-4 contained 1 M Na2SO4 aqueous solution. 
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Figure 4. (a) Percentage of capacitance retention as a function of charging-discharging cycle 

number at 3 mA cm-2 current density in redox active electrolyte. Inset shows the SEM image 

of the HCNG electrode after 10000 cycles of charging-discharging (b) Ragone plot of areal 

energy density vs. avarage power density of HCNG and other electrodes obtained from 

literature (c) Experimental and fitted impedance spectra for HCNGs in 0.05 M Fe(CN)6
-3/-4 

contained 1 M Na2SO4 aqueous solution. Inset (I) shows the impedance spectra of HCNGs in 

neutral 1 M Na2SO4 solution and inset (II) shows the equivalent electrical circuit model for 

both the neutral and redox active electrolytes.
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