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Abstract

Owing to the popularity of carbon-based supercapacitors, diamond has also been examined as a
potential candidate with unique advantages such as a wide electrochemical potential window and
stable capacitive behavior in both aqueous and non-aqueous electrolytes. Moreover, its chemical
stability in harsh environments at extreme applied potential and current provides rare opportunities
for designing new supercapacitors. Owing to the intrinsic low surface area of diamond, it is necessary
to increase the electrochemically active surface area or to produce diamond based composites
ensuring capacitance improvement for the practical applications. According to the literature reports,
the nano-engineered diamond structures can achieve a specific capacitance as high as 10 mF ¢cm—2
with a specific energy of 10-100 Wh kg! in aqueous electrolyte. The present manuscript reviews the
recent advancements in this topic of research by highlighting the potentials and challenges of
diamond-based supercapacitors. The special attention was paid to fabrication methods and
electrochemical performance of particular materials in view of further application for supercapacitor

construction.
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Introduction

Among various carbon nanomaterials examined for electric double layer capacitors (EDLCs) 73],
diamond has also been considered because of its unique features [*. Various diamond forms (thin
layers, particles, foams) and phases as well as doping approach have been employed to achieve a high
conductivity and developed surface area for the electrochemical performance. Figure 1 provides an
overview of the different types of diamond-based supercapacitors reported in the literature as will be
reviewed in the present manuscript. The chemical inactivity of diamond widens the stable
electrochemical window, which is indeed a major advantage for supercapacitors. This in combination
with the biocompatibility of diamond, has provided a different opportunity for employing the high

electrochemical capacitance at neural interfaces, which is of medical interest [7].

Figure 1

Since pure diamond is recognizing as a perfect isolator, different impurities were introduced into its
lattice, such as nitrogen or boron resulting in n- or p- type doping semiconducting behavior. Among
different dopant atoms, boron is recognized as an excellent acceptor and relatively easily can be
incorporated into the structure of diamond and diamond-like carbon (DLC) with energy level of 0.37
eV. As a source of dopant diborane (B2He) could be used, realizing the process of synthesis in the
standard mixture CH4/H>. B doping produces a material with many different conducting regions, and
possibly different conducting pathways and mechanisms. With increasing boron concentration, a
spread in the energy of the localized states of boron impurity centers induces the formation of an
impurity band (with a band width of ~0.2 eV for a boron concentration of ~10'° cm™*) and hopping
conduction through nearest-neighbors or more distant impurities (variable range hopping) takes
place. The conductivity is reduced and it could reach even level of mOhms per cm, but it happened
just for heavily boron-doped films when concentrations exceeds 10*' cm™. The boron-doped
diamond (BDD) films have been recognized as one of the best electrode materials offering excellent
electrochemical performance ¥, such as (i) a wide electrochemical potential window, (ii) low and
stable capacitive currents in aqueous and non-aqueous solutions, (iii) weak or no surface bio-fouling,
(iv) chemical resistance and stability in harsh environments and at high voltage/current densities [,
Highly conductive BDD as a sp® carbon material may be then regarded as a promising capacitor
electrode over other sp? carbon electrodes. Taking into account the boron concentration on the level
of 10%! the potential windows of ca. 3.2 V in aqueous, 4.6 V in organic and even 4.9 V in ionic liquid

based electrolytes are reached ). Knowing that specific capacity of stored energy is determined by a
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simple equation 2CU?, where C is specific capacitance and U states for cell voltage, the wide
potential window offered by BDD significantly drive up its value.

Furthermore, the dangling bonds at the diamond surface can be terminated with hydrogen, hydroxyl
or oxygen. This is similar to the structural irregularities of graphene enhancing the electrochemical
activity!!l. The presence of different surface groups tunes the electronic properties of the
solid/electrolyte interface along with the electrochemical interfacial state of the diamond surface and
its double-layer properties, e.g., wettability, the point of zero charge, adsorption of ions (capacitance)
and self-discharge characteristics [,

Since the typical CVD (chemical vapour deposition) diamond films are planar exhibiting low surface
area, the majority of conducted studies are focused on the development of nano-engineered diamond
structures with enhanced surface areas. Various approaches have been utilized to achieve diamond
nanostructuring including selective top-down etching or bottom-up growth. The relevant fabrication

methods for increasing the diamond surface area are listed in Figure 2 !4

Figure 2

There are four common approaches for the preparation of nanostructured diamond electrodes: (i)
nanodiamond-based composites, (ii) porous CVD diamond, (iii) CVD diamond grown on Si
nanowires, and (iv) CVD diamond composites. Each category is characterized by specific
physicochemical properties, and thus, the features associated with the supercapacitor performance.
The enhanced surface area of diamond jointly with its wide working potential windows (ca. 2.5 V in
aqueous electrolytes and 7.3 V in organic electrolytes) make the thin material very promising for the
fabrication of supercapacitors. Figure 3 displays the specific capacitance of numerous diamond based

energy storage devices prepared by the aforementioned approaches.

Figure 3

It is worth noting that these approaches also modify the diamond molecular structure in addition to
increasing the specific surface area. Reactive ion etching (RIE) of porous structures along with

growth on silicon nanowires or TiO, nanotubes degenerates extraordinary parameters obtained in the

planar diamond electrodes. The sp? phase enrichment, grain size reduction or mechanical
deterioration (e.g., cracks, film discontinuity) are commonly observed in the nanostructured diamond

electrodes.
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Nanodiamond based electrode materials

Nanodiamond (ND) soot can be fabricated in large scale by the detonation of carbon-containing
explosives. Controlled oxidation process of ND by treatment by acid solution or oxygen-containing
gaseous atmosphere ensures high sp® content. Application of ND recently grows up and also ND was
proposed as a component of composite that is formed together with conducting polymer. Despite
electroactive polymers are commonly utilized materials for supercapacitors, their performance could
be improved by compositing with carbon nanomaterials for the practical applications!'”!. In the case
of ND, only its small amount embedded into the polymer matrix is needed to obtain composite with
remarkably enhanced strength, toughness, elastic modulus, as well as thermal conductivity, specific
heat capacity, and thermal stability comparing to the pure polymer. These improved properties are
attributed to the “enhanced adhesion within the matrix,” resulting in a better load transfer between
the filler and the matrix 1,

Following these positive impact of ND presence, Kovalenko ef al. demonstrated for the first time that
low-cost detonation of ND powder could greatly enhance the performance of polyaniline (PANT) 6],
The incorporation of ND inside of PANI results in high surface area, decent mechanical properties,
low cost and acceptable conductivity in the mean of energy storage applications, such as
electrochemical capacitors. On the contrary to the pure polymer electrode, the specific capacitance
of the PANI with embedded 3 wt. % of ND electrodes increases after 10,000 galvanostatic cycles and
reaches a specific capacitance of 640 F g-! in 1 M H,SOy4 electrolyte (Figure 4). After multicyclic

test, the specific capacitance of ND-PANI electrode is 2-3 times larger than that of polymer passed
composite containing CNT or graphene and over 4 times higher than pure polymer material. Diamond
nanoparticles introduced inside the PANI matrix are recognized as a toughening agent and thereby
minimizing the volume changes within the polymer during charge/discharge cycles that extend

electrode lifetime.

Figure 4

Similarly to Kvalenko, Zang et al. ') proposed PANI-ND based electrode material obtained via the
electropolymerization of PANI over the ND powder electrode. It was shown that polymer effectively
links the ND particles, developing a porous structure resulting in a large specific surface area that
could be useful in application as an electrode material in capacitors. The electrochemical impedance
spectroscopy of that fabricated composite revealed an enhancement in the conductivity as compared

with the pristine nanodiamond electrode.
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The carbon nanoparticles could also be chemically modified to increase the specific capacitance, for
example by using of phosphomolybdate!'®]. However, comparing to onion like carbon or multiwall
carbon nanotubes, such treatment of ND caused a significant reduction in its capacitance because of
possible removal of the surface defects, edge planes or surface functional groups as proposed by
Portet et al. ['). Park et al. "¥ attributed this phenomenon also to the significant differences of surface
conductivities mainly depending on the sp?/sp3 ratio of the ND in comparison with the onion like
carbon.

Other treatment of ND proposed also by Portet, concerns its vacuum annealing at above 1200°C and
as a result carbon onion-like particles 5-15 nm in size are obtained. They showed a 35% increase of
the surface area (500 + 40 m2 g-1) as compared with the as-received ND. That effect is attributed to
the particle densification and expansion during the thermally induced phase transformation towards
graphitization as revealed by Raman spectroscopy and high-resolution transmission electron
microscopy (TEM) '), It should be underlined, that finally OLC are utilized here as capacitance
delivered material and ND soot was used only as a substrate for synthesis procedure.

Similarly to Portet, Sun et al. *° used ND as an isolation component between graphene oxide (GO)
sheets and then its annealing at 1200°C ensures graphitization and the onion like carbon formation.
The specific area reached 420 m?2 g-1r as a result of flexible mesoporous graphitic films prepared by
thermal treatment with the use of GO sheets and ND particles. These electrodes exhibited high
electrical conductivities in the range of 7.4 - 20 kS m~!. The usage of ND allowed for OLCs
incorporation within the GO 2D structure and further expansion of the graphitic interlayer resulting
in an interlayer spacing of 0.79 nm (Figure 5A), which strengthens the chemical irregularities of the
sp? carbons and enhances the electrochemical activity 1%, The porous GOC films were activated by

immersing them in a mixed acidic solution (HNOj3: H,SO4) and investigated as a supercapacitor

electrodes, where a specific capacitance of 143 F g1 was obtained for the largest specific surface

area composite (Figure 5B).

Figure 5

On the contrary to the high thermal treatment of nanodiamond particles, Wang et al. *!] proposed
heating the ultrasonicated mixture with different content of reduced GO and ND only at 100°C for
48h. With a ratio of 10/1 within ND/rGO, the supercapacitor delivered a specific capacitance of 186
F g-! determined in 1 M H,SO4 via galvanostatic discharge at 1 Ag!' and 143 Fg'! at 2Ag™! Other
approach elaborated by Wang ef al. concerns addition of hydrazine to the obtained ND/rGO mixture

during the synthesis procedure and resulting material delivers gravimetric capacitance of 241 Fg'! .
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The addition of reducing agent leads to most of oxygen-containing group removal and improved
electrical properties were reached. Furthermore, the composite exhibit excellent long term stability
tested upon 1,000 charge-discharge cycles.

To meet the demand of supercapacitors with high energy and power densities, the nanodiamond was
used also together with ethyl cellulose and terminol to form a paste [??. The electrode material formed
via screen printing onto aluminum substrate plate following the two-step sintering at 300°C. Proposed
preparation method was recognized as promising since ND exhibit high temperature and corrosion
resistance.

Summarizing, the utilization of ND as an electrode component requires: 1) thermal annealing that
leads to OLC formation, ii) surface modification or iii) low-temperature annealing. Most of reported
treatment procedures of ND are high energy consuming and unfortunately the electrical properties of
ND are not competitive to those reported for other carbon materials as graphene or carbon nanotubes.
The economical large-scale production of detonation NDs provided significant stimulus to
technological applications. An overview of international patent applications in the field of
nanodiamond concerning their quantity rapidly growing during the last few years'?’!. European and
US companies appear to be clearly reserved concerning both the utilization of nanodiamond-based
materials and investments into appropriate R&D (approx. $200M in 2016). Whereas the NDs appear
to be more promising in the areas of energy storage, environmental applications, composite materials,

and nanotoxicity research.

Porous nanostructured diamond

As an alternative to the ultra-high thermal annealing inducing surface graphitization, the top-down
approach was proposed as mentioned above. Nevertheless, that kind of processing methods, such as
inductively coupled plasma etching cannot be scaled up simply and removal of the substantial fraction
of diamond during etching procedure performed for flat diamond substrates, makes it commercially
less attractive. Recently developed bottom-up processing allows to fabricate electrode materials
within the matrix of porous template usually made from silica, zoolite or some biomaterials. After
selective template removal, the remaining material is characterized with highly developed surface

where large amount of charge could be accumulated.

Gao et al. ** proposed to overgrow 0.5 um silica spheres by CVD diamond followed by removal of

the SiO, template in HF solution to fabricate diamond foam as displayed in Figure 6A. It is obvious

that the specific capacitance of this electrode proportionally depends on the foam thickness. Since the
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diamond foam was boron-doped, it could work over a wide potential window of 2.5 V in aqueous
electrolyte. As above mentioned, heavy boron doping was realized due to ensure material p- type

conductivity since pure diamond is a good electrical insulator.

Figure 6

The 2.6 pm thick boron-doped diamond foam results in an outstanding power density of 0.8 kW cm~
3 and the energy density is comparable with that of the porous carbon-based micro-supercapacitors.
Diamond foam electrode results in a capacitance of 0.598 mF ¢cm~2 in an aqueous electrolyte and
0.436 mF cm2 in an organic electrolyte (Figure 6B). At higher scan rates, this change turns is even
more noticeable because of the larger size of the solvated ions and the lower dielectric constant of

organic electrolytes.

The application of coral-like polypyrrole films as a basal material of porous boron-doped diamond
electrode was reported by Hebert et al. [**). The Raman spectrum of the porous BDD showed the
broad signals at 480 and 1240 cm~! as well as the down shift of the diamond peak at 1314 cm™!
indicating the high boron incorporation in the diamond film (approximately 10?! acceptors per cm?).
The diamond was grown at a temperature below 450 °C to limit the degradation of polypyrrole
template. The polypyrrole/BDD electrodes display a wide potential window of about 2.8 V and

capacitances of 3 mF cm~2 and 2.4 mF ¢cm~2 were obtained in a LiCIOy4 electrolyte for 90 and 190

nm thickness, respectively.

The nature-implied nanoporous honeycomb is another interesting approach for increasing the surface
area of a planar diamond film. The porous structures have been developed by a Japanese group 26271,
The honeycomb structures were fabricating from polished boron-doped diamond films by oxygen
plasma etching through an anodic alumina mask resulting in ca. 60 nm pores over a large area of the

surface (Figure 7A).

Figure 7

The capacitance of the honeycomb diamond depends mostly on the pore diameter. The 60 nm pore
structure exhibited 1.97 mF cm—2 2!, while 400 nm pore-size film 3.91 mF cm2 27! because the
capacitance is increased by increasing the roughness factor. This value varies with potential about

200 times larger than the prior as-grown diamond surface (Figure 7B). Interestingly, XPS studies
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indicated the large concentration of oxygen on these films, but the electrodes showed a quite wide
potential window of about 2.5 V (Figure 8A) ?°!. The double-layer capacitive current recorded for
the diamond honeycomb was 18 to 20 higher than that of the as-grown planar diamond electrode.
Moreover, the potential window of honeycomb diamond is ca. 1.5 - 2.5 times wider than that obtained
in the aqueous acid electrolyte (Figure 8A). As can be seen in Figure 8B, the charge/discharge profiles

of the diamond-based electrodes are higher when compared with the activated carbon materials (7.

Figure 8

Kondo et al. 1?8 employed a thermal treatment to develop the porous, graphitized diamond due to the
anisotropic etching effect depending on the crystal orientation and pore formation. Two-step thermal
treatment: heating in argon at 1000 °C for pre-etching followed by heating in air at 425 °C for efficient
graphitization. The etching is considered as a result of the exposure of the (111) faces, both for the
original (111) and (100) facets. Etching occurs in the parallel direction in the former case, while
reverse-pyramid and edges with rectangular textures are shaped in the latter as illustrated in Figure

9B.

Figure 9

This dense pores of tens to hundred nanometer sizes enhanced the voltammetric and galvanostatic
performance resulting in a higher double-layer capacitance of up to 140 pF cm=2 281, mainly due to
the surface structure formed (Figure 9C,D). Comparable surface effects were obtained by Shi et al.
(291 where boron doped diamond was selectively etched in hydrogen—argon plasma using Ni
nanoparticles as a mask. This approach resulted in a higher capacitance of 9.55 mF cm2 than that of
thermally treated diamond [**!. This phenomenon is attributed to the high electrical conductivity and

large specific surface area of nano-pores. The specific capacitance decreased to 98.2% of the initial

capacitance after 500 cycles and then increased to 120.0% after10,000 cycles.

In a similar fashion, a sintered BDD electrode showed a capacitance of 4.19x1076 to 5.11x10-6 F
cm~2 depending on the electrolyte %, and wet-chemical selective etching of the B-SiC/diamond
composite 13! resulted in a porosity of 15 to 68% (Figure 2). Zhuang et al. ['*! reported that the -
SiC/diamond composite had an excellent electrical conductivity a sheet resistance equal to 300 Q sq~
1. Moreover, that approach displays outstanding double layer capacitance 17.3 F cm2 at a scan rate

of 100 mV s~!. The porous diamond electrodes are potentials candidates not only for supercapacitors,
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but also in other applications such as the water cleaning, catalyst—supports, and detoxification

devices.

Chemical vapour deposited diamond composites

As it was stated above, the diamond electrodes include diamond honeycomb or aligned diamond
nanowires characterized by enlarged surface area are promising materials for supercapacitors. These
diamond nanostructures are fabricated based on top-down approaches using the diamond post-
treatment, mainly via oxygen plasma-etching. However, the enlargement of the geometric surface is
limited to ca. ten times because of permeability of the plasma and the duration of the mask etching.
Additionally, loss of the diamond material during the top-down processing causes an increase in the
fabrication cost. Therefore, alternative approaches might of practical interest. A possible method is

to employ highly porous silicon substrates with an available large surface area for diamond growth.

Gao et al. BY fabricated Si nanowires substrates using CVD via gold nanoparticles resulting in the
formation of p-type Si wires with 50 nm in diameter and length of 5 pm. This process is accompanied
by 13-times enlargement of the active surface in comparison with the planar Si substrate. In the next
step, the ND seeding and then microwave CVD process in Hy/CHy/trimethylborane mixture with B/C
ratio of 4,000, were carried out. The sample (Figure 10A) consisted of Si nanowires covered by 135
nm-thin NCD layer, whereas Raman spectra proved the presence of highly boron doped diamond.
The capacitive properties were tested in an ionic liquid (1-Methyl-1-propylpyrrolidinium
bis(trifluoromethyl sulfonyl)imide, PMPyrrTFSI) in propylene carbonate (PC) that provided good
conductivity and wettability. The capacitance was determined by cyclic voltammetry (CV) over a
wide potential window of 4 V as shown in Figure 10B. At 1 V s~!, the capacitance reaches 105 pF
cm2, but drops to 47 uF cm—2 when increasing the scan rate to 100 V s~1. The energy density was
two orders of magnitude higher than that of the bare silicon. Furthermore, the supercapacitor retained

93.3% of its capacitance after 10 000 cycles at 5 V s~1.

Figure 10

Aradilla et al. P fabricated Si nanowires via CVD process with a length of 50 um with a diameter
in the range of 20 - 200 nm, and a 100 nm-thick diamond coating was deposited (Figure 11A). The
electrochemical performance was originated from the carbon-oxygen species and hydrogen on the

surface adsorbed during the material doping and growth. The potential application was validated
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during the tests of micro-supercapacitor (MSC) with a symmetric electrode arrangement performed
at 10 mA cm2 current density within 4 V cell voltage (-2.5—- 1.5 V vs. Ag'/Ag). As it is shown in
Figure 11B, the areal capacitance reached 1.9 mF cm2 at 2 mA ¢m~2 and dropped to 1.5 mF cm2,
This value is fairly higher than those of EDL-MSC based on SiNWs (23-50 puF cm2), SICNWs (120
uF ¢cm=2), SiC-coated SiNWs (850 uF c¢cm—2), multiwalled carbon nanotubes (200-400 uF cm2),
diamond foams (300 puF cm2), and carbide-derived carbon (1.5 mF cm2). Electrochemical
impedance spectroscopy (EIS) measurements suggested a relaxation time of 165 ms justifying the
device ability to deliver high power densities in a very short time. The Ragone plot presented in
Figure 11C indicates that MSC based on the BDD/SINW electrode exhibits energy and power density
values in the range of 11-15 mJ cm—2 and 3-25 mW cm2, respectively. The stability test performed
over 1 million of galvanostatic charge/discharge cycles (GCD) showed 35%-decrease in the
capacitance. The biggest drop is recorded during the first 50 000 cycles that are due to the oxidation
of Si and carbon surface or the presence of impurities in the electrolyte. However, still, this device
presents the best performance as compared with the CVD-grown SiNW-based MSC and morphology

of electrode remains unchanged after prolonged GCD.

Figure 11

May and co-workers 133 reported a similar approach, but inductively coupled plasma (ICP) etching
process of the Si substrate led to the formation of needles (SiN) reaching a length of almost 20 um as
shown in Figure 12A. The diamond coating was obtained via CVD process when diborane rich
CH4/H, mixture was used resulting in heavily boron-doped micro- or nanocrystalline diamond film
over the Si needles (Figure 12B). The CV recorded for BDD/SiN material in an aqueous potassium
nitrate solution (0.1 M) appear quasi-rectangular shape (Figure 12C) typical for the double-layer
charging and significant difference in the capacitive current between different Si substrates covered
by diamond is observed. The capacitance for partially overgrown BDD-coated Si long needles
reaches 638 uF cm~2 whereas the flat BDD exhibits only 2.9 uF cm~2, and BDD-coated short and
long needles are characterized by an areal capacitance of 7.6 and 279.4 uF cm2, respectively. The
increase in the double layer charge is ascribed to the large surface-area-to-volume-ratio rather to
micro- or nano- crystalline diamond size. Therefore, the surface morphology plays more important
role than differences in the grain size and sp? carbon content. Summarizing the usage of nanostructure
Si substrate (wires, needles) for highly conductive diamond deposition allows reaching the high

surface area and finally higher double layer capacitance being crucial for SC application.
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Figure 12

Diamond based composites

The most effective approach for the enhancement of capacitive properties of diamond is compositing,
where the diamond is permanently integrated with the other material, i.e. carbon fiber (CF) or
nanotubes (CNT) as well as conducting polymer (CP) or metal oxide. Almeida et al. ** formed a
nanocrystalline diamond film over the carbon felt (10 um in diameter) exhibiting superficial striated
texture with small regions with deep groves. This morphology may increase the exposed surface for
diamond nucleation, knowing that a highly distorted carbon gives better diamond nucleation than a

flat surface. The CVD process was performed in an atmosphere of CH4/H,/Ar gas mixture. The
material shown in Figure 13A was tested in 0.5 M H,;SO4 via CV at different scan rates and the

corresponding curves exhibit rectangular shape (Figure 13B). However, apart from the
pseudocapacitance, the broad redox peaks arise due to a Faradaic process occurring on the material

surface resulting from the presence of some functional groups.

Figure 13

The specific capacity equals 2.6 mF cm—2 for the carbon fiber produced at 1300 K. Similar works
were carried on also in the case when the gas mixture was enriched by the boron source [*337],
resulting in the BDD coverage over the carbon fiber with the doping level of 1.5x102! cm=3 [*®], The
electrochemical performance revealed the strengthened capacitive behavior due to the increased
surface area. The material BDD/CF thermally treated at 2000°C represented the largest area value,
and thus, the highest current density is reached. Similarly, as it was in the case of non-doped diamond
coated CF, the redox peaks appear on the CV curve and are attributed to some redox active groups,
such as —OH or C=0. Additionally, EIS studies also indicated the lowest impedance value for the
BDD/CF-2000, which is in consistent with the CV tests whereas the verification of the capacitance
from the imaginary part gives 1.9 mF cm2. This value is explained in terms of the developed
morphology, high roughness factor, and porosity since the amount of the electrical charge
accumulated in the capacitor depends highly on the surface of the electrode/electrolyte interface and

easy access of the charge carriers to this interface.

Carbon nanotubes have also been employed as substrates for the deposition of diamond. The first
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work in this direction was done by Honda group [

producing multiwall carbon
nanotubes/nanoporous diamond composite electrode as presented in Figure 14A. The
nanohoneycomb structure, achieved by oxygen plasma etching, was dedicated for both Li-ion battery
and supercapacitor application.The measurements were performed in non-aqueous propylene

carbonate solution containing: LiClO4 and EtyNBF,. On the contrary to the as-deposited diamond,

the CNT-modified showed the capability for the Li* intercalation/deintercalation (see Figure 14B).
The highest discharge capacity was determined for the HD CNT-NANO and equals 408 mA cm2,
while for the LD CNT-NANO sample, it reached only 112 mA ¢cm~2 that is due to the reduced degree
of void space in the nanopores facilitating the electrochemical access deep down the material. The
electrochemical properties of the material were also studied in detail using EIS technique allowing to
track the impedance of the Li™ migration through the film, double-layer capacitance and reaction
resistance for Li* intercalation. The charge/discharge tests showed that the average discharge capacity
for LD CNT-NANO and HD-CNT-NANO is 117 and 43 mC cm2, respectively. Due to the
suppression of the potential drop associated with Li* deintercalation by rapid charging/discharging
from the electrical double-layer the increase of the specific power could be reached. Following that,
proposed electrode material could be regarded as a suitable host material of for hybrid battery- and
supercapacitor-like electrode, where CNT-deposited pores work as a Li* ion battery and the void

pores of the nanodiamond surface that acting as a double-layer capacitor.

Figure 14

The research on carbon/diamond electrodes were also conducted in a typical aqueous electrolyte as
it was reported by Zanin et al. “**!l. The approach is based on: (i) formation of vertically aligned
CNT (5 um, 20-50 nm width) on the Si plate characterized by tepee (T) and honeycomb (H) shape of
the surface morphology resulting in T-BDD and H-BDD composite materials and (ii) BDD deposition
with the grain size of 1 um. The SEM image of the material surface is presented in Figure 15A. Tepee
and honeycomb structures were fabricated using vertically aligned carbon nanotubes (VACNT) with
various lengths of 5 and 40 um ion, respectively resulting in significant difference in areal density of
the material CNT for further BDD deposit. On the contrary to T-BDD, as the substrate for H-BDD
composite, the Ti plate was used that exhibits much higher conductivity comparing to a poorly

semiconducting silicon. The CV scans performed in an aqueous solution of KNO;3 exhibits

rectangular shape typical for double-layer charging but significant difference between flat BDD and
BDD deposited onto T, or H-type CNW is observed (Figure 15A).
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Figure 15

The highest currents and hence higher capacitance of the BDD/H-CNW electrode material are due to
their higher real surface area, which also affects the CV shape in the presence of redox probes. The
impedance studies performed at the formal potential of the redox reaction gives charge transfer
resistance and space charge capacitance values that correspondingly 20-times decreases and 450-
times grows up when the more expanded surface of the substrate for BDD deposition is used instead
of the flat one. Other work focused on highly corrugated DLC films on the vertically aligned CNT
(40 um long, 60 nm in diameter) *!. The Raman spectra for DLC:VACNT appears as a combination
of the active modes, i.e., typical for the DLC and carbon nanotubes. By cyclic voltammetry
measurements performed in KNOjs, the areal capacitances of 875 and 642 uF cm2 was estimated for
the VACNT and DLC:VACNT at 0.15 V, respectively; which are fairy higher than typical double-
capacitance values for the carbon electrode (5 pF cm~2). The improvement in the capacitive current
for vertically aligned CNT is attributed to the formation of oxygenated surface groups of the
nanotubes that is unfortunately suppressed by the DLC coverage. The electroactive nature was also
studied by EIS and a huge increase in the magnitude of the impedance amplitude |Z| of the
DLC:VACNT and bare VACNT in comparison with the DLC film is observed. For DLC:VACNT,
the conductivity over the whole surface was provided despite the insulating nature of the DLC grown
on Si substrate. The capacitance from double layer formation of DLC:VACNT was estimated to be

4543 uF with an electrode geometric surface area of 0.071 cm2.

Another approach in the field of diamond-based composite electrodes is the possibility of utilizing
conducting polymer. Tong et al. [**1, deposited BDD film deposited onto a p-Si surface acting as the
substrate for the electrochemical deposition of polyaniline with embedded multiwall carbon nanotube
(MWCNT). The presence of the CNT provided large surface area and excellent electron transfer
ability, and thus, resulted in a decrease of the charge transfer resistance and an increase of the double
layer capacitance. Then, the bare PANI layer making this composite a promising candidate for
supercapacitor application. Aradilla et al. 3 used silicon nanowires (50 pm-long; 20-200 nm in
diameter) grown by CVD as the substrate, which was covered by diamond film, and finally poly(3,4-
ethylenedioxythiophene) (PEDOT) layer. The electrochemical tests were carried out both in a three-
electrode cell and for the symmetric micro-supercapacitor design using an ionic liquid solution of
N1114TFSI (Butyltrimethylammonium bis(trifluoromethylsulfonyl)imide) as the electrolyte. The

CV plots showed pseudocapacitive behavior associated with the polymer coating and the redox
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couple corresponding to the reduction and oxidation reaction of PEDOT. The decrease in the specific
capacitance from 140 F g~ at 1 mV s~! down to 24 F g1 at 200 mV s~! is observed, which is caused
by the slow diffusion of the electrolyte ions at the high scan rate. The GCD studies performed at
different current densities exhibited areal capacitance of 9.5 mF cm2 at 0.1 mA cm~2, which dropped
to 8.5 mF cm2 at 0.1 mA cm2, i.e., similar to other SINWs based heterojunctions with PEDOT (8
mF c¢cm~2), PPy (14 mF cm2) or MnO, (6 mF c¢cm2). The relaxation time estimated by the
electrochemical impedance spectra was only 4 ns demonstrating the ability for fast delivery of high
energy density. The energy and power density were 29-25 mJ cm2 and 0.1-3 mW cm2 at current
densities varying in the range of 0.1-2 mA cm2. The device lifetime was verified over 15,000
charges/discharge cycles performed at 1 mA cm—2 within 2.5 V-wide potential windows and the MSC
kept 80% of its initial capacitance. These electrical parameters are outstanding among other SINWs
based micro-supercapacitor that highlight enormous potential of PEDOT-D@SiNWs electrodes for

energy storage devices.

Gao et al. *¥ fabricated diamond nanowires (15-20 nm in diameter) via a top-down etching approach
(451 which was used further as a substrate for the nickel deposition (20, 40 and 60 nm) by DC
sputtering. Anodization of the substrate in 3 M NaOH resulted in NiDia electrode material. According
to the SEM analysis illustrated in Figure 16A, the metallic Ni coverage was converted into the porous
B-Ni(OH), structure stable in alkaline solution with simultaneous wire widening up to ca. 50 nm.
When the thickness of deposited Ni increases, the nickel hydroxide layer become more corrugated.

The CV shape recorded in 3 M NaOH (Figure 16B) shows reversible redox process.

Figure 16

The specific capacitance of a 60 nm-thick Ni coating was 91 mF ¢cm~2 at 5 mV s~1. However, the
highest gravimetric capacitance of 1601 F g-! was obtained by taking into account only the Ni(OH),
mass, for NiDia20 sample indicating the presence of non-effective atoms in the active material when
the Ni thickness increases too much (hampered diffusion process, lower collection efficiency). The
relaxation time, interpreted as the shortest discharging time with an efficiency of 50% ¢! rose from
7.15 ms for NiDia20 up to 18.2 ms for NiDia-0. The power density was in the range of 105-106 W
kg! that is one order of magnitude higher and energy density between 10-100 Wh kg-! that is
comparable with the currently obtained values. The stability verified by 1000 CV cycles in the
potential range of 0.5 V at 100 mV s~1 is on the level of 80-70% of the initial capacitance value for

the NiDia samples.
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Shi et al. "' reported the BDD films grown on Ta plate as a substrate for Ti layer (100 nm) deposition
via magnetron sputtering, followed by anodization in fluoride-containing solution. According to the
SEM investigations (Figure 17A), the average crystal size of BDD was 30 um, while the obtained
TiO, of 80 nm-thickness increased the surface roughness and the number of electroactive sites. The
electrochemical performance in a 0.1 M Na,SO,4 over the potential range of 0-0.9 V shown in Figure
17B presents a higher current density of TiO,/BDD/Ta material in comparison with BDD/Ta and
TiO,/BDD films. The redox activity arises from the tantalum substrate reaction: 2Ta + SH — Ta;0s5
+ 10H" + 10e~ and increases significantly the pseudocapacitance, whereas nanostructured titania is
responsible for ions absorption enhancing the charge transfer efficiency. The specific capacitance of
the composite reaches 5.23 mF cm2 at the scan rate of 5 mV s-! and decreases when the scan rate
increases. The GCD curves recorded within 0.9 V potential window at different current densities: 10-
160 pA cm2 leads to the specific capacitance of 5.4-0.7 mF cm2, respectively. After 250 and 500
cycles, the 96.4% and 89.3% retention of the initial capacitance is observed. It should also be noted

that fabricated device supplies light-emitting diode for ca. 40s after charging at 10 mA cm2.

Figure 17

Apart from titania, manganese oxide as a part of the diamond-based heterojunction was proposed by

Yu et al. 8. The electrode material was obtained by potentiostatic electrodeposition of MnO5 films
with different mass (2-26 pg cm=2) from MnSQy solution on the BDD, which was grown on Si wafer
in trimethyl boron containing atmosphere. The SEM images (Figure 18A) show grain size of BDD
to be 0.3-10 um and thickness of 1.5 pm. While a porous MnO, layer is deposited with 24 pg cm—2,

it covers BDD completely without any cracks as displayed in Figure 18C.

Figure 18

By both CV and GDC, the specific capacitance of bare BDD was calculated to be 3.6 uF cm™2 at the
scan rate of 10 mV s-! or current density of 0.05 pA cm 2, respectively. Furthermore, only 5%
reduction of the capacitance was observed upon 1000 charge/discharge cycles in comparison with
12% loss for hollow mesoporous shell carbon capsules ). For BDD/MnO, electrode material, CV
shape (Figure 18D) exhibits pseudocapacitive behavior with a pair of broad waves resulting from the

redox activity following the reaction.
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The highest capacitance reaches 7.9 mF cm—2 when MnO, was deposited at 24 pg cm—2 and decreases
for further increase of the oxide amount originating from its poor electrical conductivity and the
reduction of the active surface area because of the arising cracks. Taking into account the
charge/discharge tests and the mass of deposited manganese oxide, the gravimetric capacitance was
calculated to be 349 F g1 at the current density of 3 A g-!, that is much higher than that obtained for
graphene (218 F g1 at 5 A g1 %), graphene oxide (216 F g1 at 0.15 A g-! 1), carbon nanospheres
(252 F gl at2 mV s~1 521 or nanotubes (201 F g1 at 1 A g1 133, After 1000 cycles, a loss of 34%
of the initial capacitance can be attributed to: (i) the relatively weak binding between MnO, film and
BDD substrate, (ii) irreversible redox reaction during charging/discharging process, (iii) fouling of
porous BDD/MnQO, porous structure by impurity molecules and (iv) mechanical expansion of
manganese oxide due to the intercalation/deintercalation of electrolyte cations lowering the structure
stability. To improve the capacitance retention, the formation of micro- or nanostructured surface of
BDD, electrochemical grafting of the linker between diamond and metal oxide as well as surface

termination were proposed, but there is no available report on this matter.

Titania nanotubes (TiO,NT) modified by boron doped diamond is a promising candidate for the
fabrication of supercapacitors 14>+, On the contrary to Shi et al. 7], the highly ordered layer of
titania (8 um in length and 30 nm in internal diameter) was produced by anodization of Ti metal plate
serving as a substrate for the BDD growth (Figure 19A) during the CVD process with different
diborane concentration in the gas phase (B/C ratio equals 2000, 5000 and 10000). The Raman spectra
differ from the typical one and show the narrow sp3 band, the wide sp? band as well as a signal
attributed to the nanocrystalline diamond and CH stretching vibrations. Figure 18B exhibits clear
capacitive behavior with significantly higher current densities in comparison with bare titania or

BDD. The specific areal capacitance was 7.46, 4.79 and 2.1 mF cm2 for TiO, modified with BDD
at B/C ratio of 10000, 5000 and 2000, respectively; whereas for pure BDD only 0.11 mF cm2 was
reached. The capacitive behavior of the TiO,NT/BDD material also stands out when CV is recorded
in the presence of [Fe(CNg)]34- redox couple. The active surface area of TiO,NT/BDD-10k was
1062 cm?2. The detailed studies on the origin of the enhanced electrochemical activity of fabricated

titania based diamond composites ['**>) showed that such promising capacitive properties could be

attributed to two main factors. First, it concerns specific architecture of TiO,NT providing high real

surface area and straight path for charge percolation, while the second is related to the modification

of titania structure induced by BDD coverage during MWPECVD process involving: partial
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transformation from anatase to rutile phase, Ti-C bonding that improves integration between titania

and BDD part as well as appearance Ti3" affecting sample conductivity.

Figure 19

Summary and Outlook

During the past decade, various types of carbon nanomaterials have been employed for the fabrication
of supercapacitors. Although diamond does not seem a suitable choice because of the chemical
inactivity of the sp3 carbon and its high cost, recent studies have shown considerable advantages of
diamond-based supercapacitors. Due to the exceptionally low price of novel carbon nanomaterials,
which can be easily synthesized from biomass and waste, diamond supercapacitors cannot
economically compete with the available supercapacitors, but there is a rare opportunity for designing

new types of supercapacitors.

The electrochemical inactivity of diamond is indeed an advantage in the design of diamond
supercapacitor, as provides a wide stable potential in which the supercapacitor can operate. Owing to
the fact that the energy density of supercapacitor is proportional to the square of the operating voltage,
this can be very beneficial for the fabrication of high energy density supercapacitors which can

somewhat justify the diamond cost.

It should be taken into account that neither electrochemistry nor materials chemistry of diamond is
as advanced as those of graphene and similar carbonaceous nanomaterials. Therefore, the
opportunities for the practical development of the diamond supercapacitors is way beyond the
available reports. The key point in the design of the diamond supercapacitors is that the internal
structure of diamond is electrochemically inaccessible, and thus, the size of diamond nanoparticles
should be minimized to enhance the supercapacitor performance. Hypothetically, if reducing the
particle size to that of a single unit cell, the supercapacitor behavior of diamond will be maximized.

In fact, the ratio of the internal sp? carbon atoms to the external dangling bonds should be reduced.
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Figure 2. Methods of area surface development of CVD grown diamond and nanodiamond

applied for energy storage devices. Reproduced with permission from Ref. [''-14l, Copyright 2015,

Elsevier, MPDI, The Electrochemical Society and American Chemical Society.
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Figure 3. Classification of diamond based energy storage devices resulting from specific surface

nanostructuring approaches.
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Figure 4. Enhanced capacity of nanodiamond-polymer composites: (A) Micro-image of
nanodiamond-polyaniline composite surface, (B) Cyclic voltammetry of PANI with embedded 3
wt.% ND soot, (C) Integrated average specific capacitance of the DND-PANI electrodes before
and after 10 000 cycles. Reproduced with permission from Ref. [, Copyright 2010, Wiley-VCH.
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Figure 5. The SEM cross-section images of the graphene-OLC (GOC) composite films with
thicknesses prepared with the mixtures of GO and OLC with weight ratios of 1:1, 1:3 and 1:5
(attn. GOC(1-1), GOC(1-3), GOC(1-5)) (A); Cyclic voltammograms of a chemically converted
graphene film and GOC composite films with different mixtures ratio studied in 1 M H2SO4
aqueous solution. (B) Reproduced with permission from Ref. ?’l. Copyright 2011, Royal Society
of Chemistry.
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Figure 6. The cross-section SEM of boron-doped diamond foam (A); Volumetric capacitance of

diamond foam vs. scan rate (B) Reproduced with permission from Ref. 4. Copyright 2014,

Elsevier.
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Figure 7. The top-view SEM of a highly boron-doped nano-honeycomb diamond electrode (A);
Potential dependence of capacitance for planar and various etched diamond electrodes
investigated in 0.1 M H2SO04 electrolyte (B) Reproduced with permission from Ref. 12627,

Copyright 2000, The Electrochemical Society.
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Figure 8. The cyclic voltammograms obtained for various boron-doped electrodes. Glassy carbon

(GC) was displayed for comparison (A). Charge-discharge behavior of as-deposited diamond

(solid line), honeycomb diamond (thick solid line), acetylene black (dotted line), and activated

carbon (dot-dashed line) recorded in 1 M H2SO4 (B) Reproduced with permission from Ref. 5!

and I, Copyright 2001, Elsevier and The Electrochemical Society.
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Figure 9. The SEM image of graphitized porous boron doped diamond (BDD) (A); the
mechanism of diamond surface etching via graphitization on (111) and (100) facets (B); CV
curves for as-deposited and porous BDD electrodes (C); Galvanostatic charge—discharge curves
both measured in 1 M Na2SO4 (D) Reproduced with permission from Ref. ?3I, Copyright 2014,

Elsevier.
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Figure 10. SEM images of diamond-coated silicon wire sample, and a large scale picture of the
same sample showing the density and uniformity (A); CV curves at 1, 2, 5, 10, 20, 50, and 100
V/s between -2.5 and +1.5 V in 40 vol.% PMPyrrTFSI in PC, scan rates decrease along the

direction of the arrow (B) Reproduced with permission from Ref. . Copyright 2015, Elsevier.
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Figure 11. SEM image of the morphology of SiNWs recorded at 45° tilted angle. b) Cross-
sectional view of SiNWs. ¢) and d) Low and high resolution SEM images of diamond coated
SiNWs (A); Specific capacitance versus current density (B) and Ragone plot at different current

densities (C) Reproduced with permission from Ref. 32, Copyright 2016, Elsevier.

Page 30 of 43


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

J——

g s Overgrown
/ Needles

2 4 Large
¢ Needles

/——_ i Small
o 2 . Needles

0.04 0.04 0.09/7 0.12 FlatBOD

—

(E vs. AgIAgCI) I V

Figure 12. SEM images of two types of black Si before coating with diamond, long needles with
length 15-20 mm (A); Long black Si needles coated with boron-doped MCD (B); Cyclic
voltammograms recorded only in presence of background electrolyte solution (KNO3) for 4 types
of diamond electrode deposited (C) Reproduced with permission from Ref. 133, Copyright 2016,
Royal Society of Chemistry.
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Figure 13. SEM image of NCD grown on carbon fiber treated at temperature of 1300 K (A);
Cyclic voltammograms of NCD/CF-1300 in 0.5 M H2SO4 at 100 mV s1 (solid line) and 10 mV

s~1 (dash line) (B) Reproduced with permission from Ref. 134, Copyright 2007, Elsevier.
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Figure 14. Top view of SEM images for a carbon nanotubes/nanoporous diamond composite
electrode. Low magnification and high magnification images for HD CNT-NANO and LD CNT-
NANO (A); Cyclic voltammograms for: a) as-deposited diamond, b) CNTAD, ¢) HD CNT-

NANO, and d) LD CNT-NANO electrodes in 1 M LiClO4/PC. Sweep rate: 0.3 mV s—l; geometric

area: 0.03 cm? (B) Reproduced with permission from Ref. 1. Copyright 2004, The

Electrochemical Society.
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Figure 15. Electron micrograph images of the three types of BDD electrode under study: (a)
microcrystalline flat diamond film, (b) CNT/BDD teepee matrix, (c¢) CNT/BDD
ridged/honeycomb surface, and (d) higher magnification view of the film in (c) (A); Comparison
of cyclic voltammetry curves of 0.1 M KNOs for the three types of BDD electrodes (flat (F), teepee
(T), and honeycomb (H)), all taken at a constant 10 mV/s scan rate (B). Reproduced with

permission from Ref. 14, Copyright 2014, American Chemical Society.
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Figure 16. SEM images of NiDia40 (a, b) and NiDia60 (c, d) before (a, ¢) and after (b, d)
anodization effective surface area (A); Cyclic voltammetry (a) of a NiDia20 sample between 0
and 0.5V at 5, 10, 20, 50, 100, 200, 500, and 1000 mV s—1 (scan rates increase along the arrow
direction), (b) areal, vs scan rate of different samples (B) Reproduced with permission from Ref.
[441, Copyright 2015, Wiley-VCH.
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Figure 17. (a) TEM and (b) high-resolution TEM images of TiO2 layer, and TEM images of Ta
layer at (c) low magnification and (d) high magnification (A); Cyclic voltammograms of BDD/Ta
and TiO2/BDD/Ta multilayer films at scan rate of S0 mV s1 (B) Reproduced with permission
from Ref. 1471, Copyright 2015, Elsevier.
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Figure 18. SEM of BDD samples: top view (A); side view (B); a top view SEM images of MnO2

films coated on diamond with area densities of 24 pg cm™2 (C); Cyclic voltammograms of MnO2

film-coated BDD electrode with area densities of 2.0, 12, 24, and 26 pg cm 2 (D) Reproduced

with permission from Ref. 8, Copyright 2015, American Chemical Society.
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Figure 19. SEM images of the electrode surface recorded for samples with the B/C ratio of (a)
2000, (b) 5000, and (c) 10 000, and (e) a freshly anodized TiO2 nanotube array. In (d), the

diamond layer is partially removed from the surface and the unaffected TiO2 nanotube structure
can be observed (A); Cyclic voltammetry curves registered for the composite electrodes
TiO2/BDD with different B/C ratios and, as the reference, for pure titania and BDD layers
immersed in 0.1 M NaNO3 (10 mV s—1) (B) Reproduced with permission from Ref. 154, Copyright
2015, Royal Society of Chemistry.
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Figure Captions

Figure 1. Classification of diamond-based electrode materials used for capacitors and energy storage

devices.

Figure 2. Methods of area surface development of CVD grown diamond and nanodiamond applied
for energy storage devices. Reproduced with permission from Ref. '3, Copyright 2015, Elsevier,

MPDI, The Electrochemical Society and American Chemical Society.

Figure 3. Classification of diamond based energy storage devices resulting from specific surface

nanostructuring approaches.

Figure 4. Enhanced -capacity of nanodiamond-polymer composites: (A) Micro-image of
nanodiamond-polyaniline composite surface, (B) Cyclic voltammetry of PANI with embedded 3
wt.% ND soot, (C) Integrated average specific capacitance of the DND-PANI electrodes before and
after 10 000 cycles. Reproduced with permission from Ref. 4. Copyright 2010, Wiley-VCH.

Figure 5. The SEM cross-section images of the graphene-OLC (GOC) composite films with
thicknesses prepared with the mixtures of GO and OLC with weight ratios of 1:1, 1:3 and 1:5 (attn.
GOC(1-1), GOC(1-3), GOC(1-5)) (A); Cyclic voltammograms of a chemically converted graphene
film and GOC composite films with different mixtures ratio studied in I M H2SO4 aqueous solution.

(B) Reproduced with permission from Ref. 2!. Copyright 2011, Royal Society of Chemistry.

Figure 6. The cross-section SEM of boron-doped diamond foam (A); Volumetric capacitance of

diamond foam vs. scan rate (B) Reproduced with permission from Ref. 2. Copyright 2014, Elsevier.

Figure 7. The top-view SEM of a highly boron-doped nano-honeycomb diamond electrode (A);
Potential dependence of capacitance for planar and various etched diamond electrodes investigated

in 0.1 M H2S04 electrolyte (B) Reproduced with permission from Ref. 2?8, Copyright 2000, The

Electrochemical Society.

Figure 8. The cyclic voltammograms obtained for various boron-doped electrodes. Glassy carbon
(GC) was displayed for comparison (A). Charge-discharge behavior of as-deposited diamond (solid
line), honeycomb diamond (thick solid line), acetylene black (dotted line), and activated carbon (dot-
dashed line) recorded in 1 M H2SO4 (B) Reproduced with permission from Ref. °> and . Copyright

2001, Elsevier and The Electrochemical Society.
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Figure 9. The SEM image of graphitized porous boron doped diamond (BDD) (A); the mechanism
of diamond surface etching via graphitization on (111) and (100) facets (B); CV curves for as-
deposited and porous BDD electrodes (C); Galvanostatic charge—discharge curves both measured in

1 M Na2S04 (D) Reproduced with permission from Ref. 2°. Copyright 2014, Elsevier.

Figure 10. SEM images of diamond-coated silicon wire sample, and a large scale picture of the same
sample showing the density and uniformity (A); CV curves at 1, 2, 5, 10, 20, 50, and 100 V/s between
-2.5 and +1.5 V in 40 vol.% PMPyrrTFSI in PC, scan rates decrease along the direction of the arrow

eproduced with permission from Ref. **. Copyright , Elsevier.
B) Reproduced with ission from Ref. 2. C ight 2015, Elsevi

Figure 11. SEM image of the morphology of SiNWs recorded at 45° tilted angle. b) Cross-sectional
view of SiNWs. c) and d) Low and high resolution SEM images of diamond coated SiINWs (A);
Specific capacitance versus current density (B) and Ragone plot at different current densities (C)

Reproduced with permission from Ref. 3*. Copyright 2016, Elsevier.

Figure 12. SEM images of two types of black Si before coating with diamond, long needles with
length 15-20 mm (A); Long black Si needles coated with boron-doped MCD (B); Cyclic
voltammograms recorded only in presence of background electrolyte solution (KNO3) for 4 types of

diamond electrode deposited (C) Reproduced with permission from Ref. **. Copyright 2016, Royal
Society of Chemistry.

Figure 13. SEM image of NCD grown on carbon fiber treated at temperature of 1300 K (A); Cyclic

voltammograms of NCD/CF-1300 in 0.5 M H2SO4 at 100 mV s~! (solid line) and 10 mV s~! (dash
line) (B) Reproduced with permission from Ref. . Copyright 2007, Elsevier.

Figure 14. Top view of SEM images for a carbon nanotubes/nanoporous diamond composite
electrode. Low magnification and high magnification images for HD CNT-NANO and LD CNT-
NANO (A); Cyclic voltammograms for: a) as-deposited diamond, b) CNTAD, ¢) HD CNT-NANO,

and d) LD CNT-NANO electrodes in 1 M LiC104/PC. Sweep rate: 0.3 mV s—1; geometric area: 0.03

cm? (B) Reproduced with permission from Ref. . Copyright 2004, The Electrochemical Society.

Figure 15. Electron micrograph images of the three types of BDD electrode under study: (a)
microcrystalline flat diamond film, (b) CNT/BDD teepee matrix, (c) CNT/BDD ridged/honeycomb
surface, and (d) higher magnification view of the film in (¢) (A); Comparison of cyclic voltammetry
curves of 0.1 M KNO3 for the three types of BDD electrodes (flat (F), teepee (T), and honeycomb

(H)), all taken at a constant 10 mV/s scan rate (B). Reproduced with permission from Ref. *!.
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Copyright 2014, American Chemical Society.

Figure 16. SEM images of NiDia40 (a, b) and NiDia60 (c, d) before (a, ¢) and after (b, d) anodization
effective surface area (A); Cyclic voltammetry (a) of a NiDia20 sample between 0 and 0.5V at 5, 10,

20, 50, 100, 200, 500, and 1000 mV s—1 (scan rates increase along the arrow direction), (b) areal, vs
scan rate of different samples (B) Reproduced with permission from Ref. *°. Copyright 2015, Wiley-
VCH.

Figure 17. (a) TEM and (b) high-resolution TEM images of TiO2 layer, and TEM images of Ta layer
at (c) low magnification and (d) high magnification (A); Cyclic voltammograms of BDD/Ta and
Ti02/BDD/Ta multilayer films at scan rate of 50 mV s—1 (B) Reproduced with permission from Ref.
48 Copyright 2015, Elsevier.

Figure 18. SEM of BDD samples: top view (A); side view (B); a top view SEM images of MnO2
films coated on diamond with area densities of 24 pg cm=2 (C); Cyclic voltammograms of MnO2

film-coated BDD electrode with area densities of 2.0, 12, 24, and 26 ug cm—2 (D) Reproduced with

permission from Ref. #°. Copyright 2015, American Chemical Society.

Figure 19. SEM images of the electrode surface recorded for samples with the B/C ratio of (a) 2000,
(b) 5000, and (c) 10 000, and (e) a freshly anodized TiO2 nanotube array. In (d), the diamond layer

is partially removed from the surface and the unaffected TiO2 nanotube structure can be observed
(A); Cyclic voltammetry curves registered for the composite electrodes TiO2/BDD with different

B/C ratios and, as the reference, for pure titania and BDD layers immersed in 0.1 M NaNO3 (10 mV

s—1) (B) Reproduced with permission from Ref. *°. Copyright 2015, Royal Society of Chemistry.
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