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Abstract

This brief review is focussed on the recent progress in studies
of the heterogeneous electrochemical behaviour of various
boron-doped materials extending from zero-dimensional par-
ticles through polycrystalline or nanostructured three-dimen-
sional surfaces. A boron-doped diamond reveals large
heterogeneities induced by numerous factors, inter alia multi-
faceted crystallinity, inhomogeneous boron concentration, sp?/
spa-carbon ratio, surface terminations and grain size distribu-
tion. We also present single nanodiamond particles and a
nanostructured diamond, which are fabricated by either a top-
down or a bottom-up procedure. Nanoarchitectured surfaces
allow high areas and large aspect ratios to be achieved,
exhibiting highly heterogeneous charge-transfer performance
for catalytic, sensing and energy applications. We have antic-
ipated multi-factor-originated heterogeneities of various boron-
doped diamond surfaces displaying the essential fabrication
and diagnostic methodologies and critically reviewing their
benefits and drawbacks.
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Introduction

Diamond is a unique material that competes strongly
with various semiconductor materials, thanks to its
extraordinary physicochemical and electronic perfor-
mance. The doping of diamond by boron results in the
formation of hole conductivity with an activation
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energy of 0.36 eV [1]. Boron-doped diamond (BDD) is
known for its extraordinary electrochemical perfor-
mance, including a wide electrolytic window of
approximately 3.5 V, low background currents, stability
in harsh environments and biocompatibility [2]. Those
properties opened the way to systematic studies
focussed on a variety of approaches in electroanalytical
applications, water purification issues, electrosynthesis
and electrochemical energy storage and conversion.
Most synthetic diamond structures are multi-faceted
and polycrystalline due to the nature of their fabrica-
tion utilising particularly high-pressure high-tempera-
ture or chemical vapour deposition (CVD) [1,2]. The
incorporation of boron as a dopant generally in the
range of 10'°—10% atoms cm ™ considerably affects the
electronic properties, impurities, molecular structure
and composition of the crystallographic facets of dia-
mond. Various boron incorporations in the particular
facet, xpz/sp‘;-carbon ratio, sp2 impurities and specific
surface terminations of selected orientations (i.e.
hydrogen or oxygen groups) are the key factors pro-
voking electrochemical heterogeneities. Nevertheless,
diamond terminations could be explicitly altered by the
large variety of developed strategies involving such
processes as thermal, plasma, electrochemical, chemical
or photochemical treatments [1,3]. The achieved
functionality tunes the distribution of surface termi-
nation and the magnitude of its electrochemical het-
erogeneity. Furthermore, the complex characters of
numerous diamond-built architectures reveal various
heterogeneous electrochemical behaviours that are
dependent on their dimensions scaled from nearly zero-
dimensional single particles along multi-faceted sur-
faces up to 3D-sculptured nanostructures (see Figure 1
and Table 1). Besides the widely studied multi-faceted
BDD surfaces, single nanodiamond (ND) particles
have recently attracted the attention of scientists,
thanks to their versatile diamond nature supplied by a
highly active area, large aspect ratios and surficial
groups or boron-induced electroactivity [4—6]. The
lateral homoepitaxial mechanism allows the formation
of zero-dimensional nanoparticles or 3D-architectured
nanowires [7] with large aspect ratios that exhibit
directional charge-transfer performance. The flexible
C—C surface chemistry along with nanostructuring
(top-down or bottom-up) of conductive diamond sur-
faces results in enhanced heterogeneous wetting and
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Overview of multi-dimensional diamond-built architectures highlighted in this work, revealing heterogeneous electrochemical behaviour.

electronic properties, catalytic activity and electro-
chemical performance for sensing and energy applica-
tions [8].

Furthermore, a large variety of electrochemical
diamond-based devices have manifested as valuable
materials for, wuter alia, supercapacitors [9,10], pharma-
ceutical sensing [11], detection of food compounds [12]
and electroanalysis of biomolecules [13—15]. Impor-
tantly, a few works have reported a significant impact of
spz—carbon impurities on the electrochemical kinetics
modulating the heterogeneous electron transfer (HET)
rate of specific redox couples [16—18].

Consequently, we focussed this mini-review on the very
recent progress in the heterogeneous electrochemical
behaviour of a large variety of boron-doped materials
spreading from almost zero-dimensional particles
through multi-faceted surfaces to nanoarchitectured
three-dimensional structures. We have anticipated
multi-factor-originated heterogeneities tuned by the
geometric, physicochemical and electronic properties of
diamond, displaying the essential methodologies and
critically reviewing their benefits and drawbacks.

Facet-induced electrochemical

performance of nanodiamond particles

A framework of functionalised nanodiamond particles
was manifested by Duan et al. [6] as carbocatalysts
displaying diverse heterogeneous reactions. [n-situ B-
and N-codoping of diamond forms nanoscale-interacting
hybrid particles, which tend to aggregate due to the high
surface energy. The B/N co-doped ND crystals display
an upshifted positive potential peak along with the high
current density (~51 mA cmfz) of a four-electron

oxygen reduction reaction (ORR). The formation of
microsized single-diamond particles by a high-pressure
and high-temperature (HPHT) process has been
recently reported by Wang et al. [19]. The formed large
diamond crystals are dominated by (111) facets because
the HPHT growth is driven by small nanocrystals
adsorbed to larger seeds in a metal matrix that mini-
mises their surficial energy. An analogous approach was
utilised by Wood et al. [20] for the synthesis of boron-
doped microparticles utilising AlB; as a solid-state pre-
cursor. Figure 2(g—h) displays FE-SEM images of a
polished surface of the HPHT-compressed boron-doped
particles ((111)-dominant planes) fabricated with two
different dopant concentrations providing metal-like
conductivity. The polished surface is dominated by
(111) planes (see Figure 2(i)) that exhibit void-induced
porosity and a low level of sp®-carbon impurities,
increasing the current magnitudes in the reduction
range (see Figure 2(j)). Figure 2(k) shows scanning
electrochemical microscopy (SECM) maps with rele-
vant cyclic voltammetry (CV) curves, which exhibit a
heterogeneous nature with negligible dependence on
the specific crystallographic facet, thanks to the uniform
boron dopant concentration. The high-rate CVs were
obtained at a resin-isolated (111)-faceted surface using a
nanopipette in 10 mM Ru(NH3)¢Cl; and 10 mM KNO;3
electrolyte (see Figure 2(1) with FE-SEM of the isolated
(111) plane in the inset) with an increased double-layer
capacitance of approximately three orders of magnitude
concerning the planar CVD-grown BDD.

The CVD enables the growth of free-standing micro-
sized H-BDD crystals containing (100) and (111)
facets (see Figure 2(a—b)) when a very low seeding
density is applied [5]. The SECM data revealed large
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Table 1

Heterogeneities of BDD surfaces Bogdanowicz and Ryl 3

Summary of heterogeneous electrochemical properties of BDD surfaces.

Diamond type Electrochemical Studied application Crystallinity Heterogeneities origin  Ref.
performance
MW-CVD-grown BDD  termination-based pre-treatment assessment multi-faceted grain structure, surface [3,41]
electron kinetics termination, treatment
procedure
CVD-grown low currents, fast n/a (100) and (111) surface termination, [5]
nanodiamonds electron kinetics boron distribution
MW-CVD-grown BDD  heavy B-doped, high DEFB1 gene recognition multi-faceted effective DNA at BDD  [15]
kinetics hybridisation
Graphite @ heavily enhanced LOD and acetaminophen detection multi-faceted, (111) sp?-carbon thin films, [17]
doped BDD stability facets affected crystallinity
MPCVD-grown BDD long-term stability AFM probes, organics sensor polycrystalline probe polarity, surface  [29]
spheres termination
MW-CVD-grown BDD altered currents and electrocatalytic, OER (110) with minor (100)  boron distribution, [39]
electrolytic window contribution surface termination
Core—shell D/G enhanced electron Pb?*, Cd?* and Zn2* detection (111) diamond and (002) sp®/sp? ratio [40]
nanoarchitecture kinetics, small AE graphite
HPDG on SCD termination-based electronic devices (100) and polycrystalline HPDG structure, surface [21]
Schottky contact termination
MPCVD-grown low- decrease with sp® n/a polycrystalline, primarily sp®carbon content [50]
doped BDD content increase (111)
porous BDD at SiO, enhanced electron dopamine detection polycrystalline sp?-carbon content, [51]
nanofibres transfer rates porosity
HPHT compacted high currents, fast n/a (111) porosity [20]
microdiamonds electron kinetics
ND at the BDD surface high currents, fast n/a multi-faceted sp?-carbon impurities, [22]

electron kinetics

grain size distribution

heterogeneities of K4[Fe(CN)g] electron transfer
induced by a selected crystalline facet as displayed in
Figure 2(c). The spatially resolved i—E studies of BDD
particles (see Figure 2(d)) manifested that the (111)
planes drive faster electron transfer kinetics, thanks to
the higher boron level i#-situ incorporated during the
CVD process. The (111)-oriented facets at the O-BDD
surface (blue curve in Figure 2(e—f)) demonstrated
impaired electron transfer kinetics versus an H-termi-
nated surface (red curve in Figure 2(e—f)) ascribed to
the electronic properties (i.e. lower conductivity and
carrier densities). This effect is suppressed at oxidised
(100)-planes due to the initial low concentration of
charge carriers, where faradaic currents were undetect-
able. A valuable insight into local surface termination-
dependent BDD conductivity was presented by Wang
ctal. [21], who studied hill-like polycrystalline diamond
grains (HPDG) randomly emerging on heavy boron-
doped p+ single-crystal diamonds (SCD).

Gupta etal. [22] reported that a drop-cast ND at a BDD
surface supports electrocatalytic processes due to the
domination of surface states as acceptors. The SECM
mapping of this hybrid surface displays highly electro-
active ‘hot spots’ attributed to the core—shell nano-
diamond—BDD interfaces and the sharp edge-planed
sites of ultrasonically deagglomerated nanodiamond
particles. Pleskov et al. [23] developed BDD compacts

introducing a catalytically active metal, platinum, in the
course of metal growth. These are prepared in high
temperature and pressure, but unlike HPHT] single
crystals have grown without the seed-crystal repre-
senting a submicron-sized compact mass of diamond
crystallites. These compacts were verified to show high
electroactivity concerning an anodic chlorine evolution
reaction, while the structural homogeneity is affected by
the presence of well-distributed Pt subsurface in-
clusions and pits, both micrometre-sized. Next, syner-
gistic electrocatalytic CO; reduction to C; species was
observed at the heterogeneous nitrogen-doped nano-
diamond/Cu interface [24]. Copper-stabilised nano-
diamond surfaces manifested more than 60% of faradaic
efficiency towards Cy; its incorporation produced a cat-
alytic effect, decreasing the CO;, overpotential of bare
nitrogen-doped diamonds.

Finally, the first-principles approach allowed for the
atomic-scale understanding of the orientation and
dopant concentration-dependent electronic  band-
structure of BDD surfaces observed as a variation of the
energy-impacted electronic density of states [25]. The
main parameters affect the experimentally observed,
faced-induced BDD heterogeneities. Simulation of
electronic transport exhibited a distinct impact of the
boron dopant on the (111) facet, where it decreased
carrier mobility. Those results indicated that the
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Overview of facet-induced electrochemical performance of nanodiamond particles. (a) Scheme of the SECM conducted at an H-BDD single particle; (b)
SEM of a (100)-facet H-BDD particle; (¢) SECM topography and (d) current imaging of an H-BDD single particle with the (100) and (111) facets; (e, f) CV
recorded at (100) and (111) facets of H/O-BDD. Reproduced with permission from Ref. [5] (DOI: 10.1021/acs.analchem.1c00053). Copyright 2021,
American Chemical Society. FE-SEM of nanodiamond electrodes fabricated using HPHT BDD particles mixed with 3.6 wt.% AIB, (g) and 4.8 wt.% AIB,
(h); (i) EBSD image and (j) CV measured at the (111) facet of a sample of 4.8 wt.% AlB, HPHT BDD along with a schematic representation of an
electrode/electrolyte interface in the inset; (k) CVs and map of onset potentials of the SECCM scan area on 4.8 wt.% AlB, HPHT BDD; (I) CVs of SPE
recorded in 1 mM Ru(NH3)g+/2+ (inset: design of the HPHT BDD SPE; SEM image of a (111)-faceted HPHT BDD particle masked with epoxy resin).
Reproduced with permission from Ref. [20] (DOI: 10.1016/j.carbon.2020.09.038). Copyright 2021, Elsevier.

frustrating transition of insulator to metal occurred on
the (110) surface, while the (111) surface revealed a re-
entrant transition from insulator to metal behav-
tour [26].

Mapping of electrochemical heterogeneities
of BDD surfaces

Numerous surface-resolved methods have already been
developed to obtain information on local changes in
electrochemical activity or physicochemical/electronic
properties directly related to reduction/oxidation re-
actions. Microscopic techniques such as SECM [27,28],
scanning probe microscopy (SPM) [3,29] and local
electrochemical impedance spectroscopy (LEIS) [30]
are commonly utilised to investigate the electro-
chemical processes that occurred at heterogeneous,
micro- and nanostructured surfaces [31]. Nano-
structured ultramicroelectrodes (UME) [32,33] enable
the investigation of single-molecule processes in com-
plex media, delivering insight into the understanding of
the relation between a specific subsurface element (i.e.

facet, pore, defect or impurity) and the single electro-
chemical entity. Colloidal AFM probes with a
micrometre-sized BDD sphere attached to a cantilever
offer significant enhancement of the mechanical prop-
erties and abrasion resistance even after multiple scans
with unprecedented spatial resolution [29]. Further-
more, due to BDD’s excellent electrochemical proper-
ties, these probes may be used for hybrid AFM-SECM
devices in an electrolytic environment. Depending on
the BDD termination type, the interaction with other
surfaces, solvents and molecules may be altered,
enhancing the quality of chemical imaging [34].
Furthermore, the combination of plasmon-based optical
and electrochemical methodologies results in synergistic
and remote studies revealing enhanced information on
the spatially resolved molecular level electrochemistry
or single nanoparticle catalysis supported with charge
transport data with sub-nanometric resolution [35].

Nanoscopic electrochemical scanning probe microscopy
(EC-SPM) techniques [36] allow the redox and
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electrocatalytic properties to be mapped. Henrotte et al.
[37] studied the electrocatalytic ORR activity using
BDD as the substrate for the catalyst, for which the total
O, consumption was obtained before O, consumption
started at the BDD, proving the ability to investigate
very low electrolytic activities. SECM was also used to
study the pH differences resulting from the appearance
of water oxidation products, allowing the formation of
multiple intermediates affecting the kinetics at the BDD
surface to be distinguished [38]. The authors revealed
how the evolution of water splitting products is bound to
a localised drop in the HET rate, a feature connected
with regions of pure diamond and spz-carbon phase.
Binding SECM with CV measurements at each pixel
showed that the electrolytic potential of polycrystalline
BDD is directly linked to the local boron dopant con-
centration and increases in more doped facets [39] (see
Figure 3(a—d)). Moreover, the sensitivity of the onset
potential changes primarily for the hydrogen-terminated
(H-BDD) electrodes, while spatial heterogeneities were
observed only at the most extreme polarisation potentials
for oxygen-terminated (O-BDD) surfaces.

Figure 3
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BDD oxidation selectivity [41] originates from the local
differences in the facets of boron doping. Here, the
SECM studies were supported by multi-sine impedi-
metric techniques: nanoscale impedance microscopy (m-
NIM) and dynamic electrochemical impedance spec-
troscopy (DEIS). The propensity towards BDD surface
oxidation was related to crystallographic orientation
while small differences in polarisation conditions lead to
a significant change in the BDD thin-film electrode
response. The use of m-NIM proved a correlation be-
tween different levels of electric heterogeneity and the
O-BDD modification method, see Figure 3(e—h) [3].
The m-NIM was found to be the most efficient tool to
precisely define the O-BDD transition compared to XPS
and contact angle analyses. The most prominent surface
resistance heterogeneity was observed for heating in air
at 600 °C. This treatment in particular may affect the
electrochemical performance, modifying the distribution
of local diffusion fields but also leading to degradation of
the grain structure under prolonged exposure [42]. It
became evident that certain crystallographic planes are
more prone to surface oxidation and etching, in particular
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SEM image of polycrystalline BDD (a) with corresponding SECM onset cathodic potential image for a current density of -3.5 mA cm™2 (b) and corre-
sponding CVs for a less doped facet (red circles in (a)) (c) and a more doped facet (blue circles in (a)) (d). Reproduced with permission from Ref. [39]
(DOI: 10.1002/celc.201800770). Copyright 2018, Chemistry Europe. O-BDD surface oxidised when exposed to 600 °C in the air (e,f) and oxygen plasma
and a 50 W UV lamp (g,h), AFM contour micrographs (e,g) and corresponding m-NIM surface resistance maps (f,h). Reproduced with permission from
Ref. [3] (DOI: 10.1016/j.ultramic.2019.01.004). Copyright 2019, Elsevier. SEM images of NG-BDD films grown at 950 °C (i) and 1050 °C (j), with
corresponding DNPV curves (k) for 6.5 uM acetaminophen obtained on these electrodes in 0.1 M PBS at a scan rate of 50 mV s~'. Reproduced with
permission from Ref. [17] (DOI: 10.1021/acsomega.0c06141). Copyright 2021, American Chemical Society. SEM morphology of diamond—graphite films
grown with a 12% CH,4 gas mixture (inset: arrows indicate nanoplatelet-like grains) (I), with low-magnification (inset: corresponding SAED patterns) (m)
and HRTEM (n) images of these films. Right panels exhibit magnified HRTEM images corresponding to the dashed rectangles in the left parts.
Reproduced with permission from Ref. [40] (DOI: 10.1021/acs.jpcc.8b11865). Copyright 2021, American Chemical Society.
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(111) facets. The influence of surface orientation on the
electrochemical properties of the BDD thin-film elec-
trodes was investigated by Ivandini et al. [43], who
performed studies on (100) and (111) homoepitaxial
single-crystal and polycrystalline BDD surfaces. Their
studies found that the (111) plane was more reactive, a
feature visible regardless of the termination type, yet
enhanced for O-BDD surfaces. Moreover, the authors’
XPS reports show that (100) surfaces are more prone to
selective oxidation compared to (111) surfaces. Inter-
estingly, the polycrystalline BDD electroactivity was the
highest, most likely due to the heterogeneity of boron
distribution [41]. Electrochemical pre-treatment and
polishing enhance the electroanalytical performance of
BDD surfaces, increasing their electrochemically active
surface area (EASA) which offers lower limits of detec-
tion or a wider range of linearity [44]. BDD film anodes
reveal outstanding performance in electro-Fenton pro-
cesses, enhancing the electrolysis of pollutants [45].
BDD anodes were also widely tested towards electro-
chemical disinfection of bacteria [46]. BDD surfaces
reveal high mineralisation efficiency depending on the
generation of hydroxyl radicals, the local concentration of
which tends to be highly heterogeneous, which together
with high fabrication costs limits the large-scale appli-
cations [47,48].

Efficient BDD-based biosensors were reported after
surface modification of (111) facets of BDD by
converting the diamond structure to spz-carbon at high
temperatures [17]. Boron doping plays a key role in the
temperature-driven BDD modification, which is also
presumable the reason why (111) facets of BDD are
favourably affected. These nanometre-sized graphite-
BDD films (NG-BDD) were then used to detect trace
amounts of acetaminophen with limits of detection
(LOD) ranging to 5 nM when the film was grown in
1050 °C, see Figure 3(i—k). On the other hand, sub-
stitution of hydrogen with deuterium during BDD
growth enhances the electrochemical properties,
increasing the boron doping and share of (111)-oriented
crystals and decreasing the non-diamond sp° phase
contribution [49]. The reported boron dopant concen-
tration under the same MW PACVD conditions was
nearly two orders higher. This material possesses
exceptionally  high electrochemical performance,
featuring 61 mV peak separation in a CV experiment (at
5mVsh), nearly 4x lower charge-transfer resistance,
and as a result, a very low paracetamol LOD (0.76 uM).
Niedzialkowski et al. [15] monitored electrode hetero-
geneity and detected the presence of the human-
specific DEFB1 gene in samples collected from saliva
extracts. The detection was possible by tracking the
impedance at the charge-up electrode surface, through
subtle geometry changes of anchored hybridised DNA.

It is commonly accepted that the electrochemical per-
formance of BDD increases with the increased boron

doping concentration. However, an opposite tendency
was reported by Xu et al. [50] for low-doped BDD thin-
film electrodes (0.1% and 1% boron in the gas mixture
were tested). Baluchova et al. [51] compared planar
electrodes with layers grown on SiO; nanofibres, to study
the influence of the surface development on the elec-
trochemical characteristics of BDD. Unlike planar BDD,
the higher sp”-carbon content in porous BDD was found
to affect the electrochemical performance more than the
boron doping level. The peak separation in CV studies
was reported as low as 30 mV for porous electrodes,
bound with adsorption of the redox probe in the porous
material, and a contribution from thin-layer diffusion.
Enhanced electron transfer rates result in higher sensi-
tivity for dopamine sensing, reaching 0.21 pM.

The few recently published reports on BDD-based
supercapacitors reveal the influence of the nano-
structured diamond surface. Zhang et al. [52] exhibited
excellent capacitive performance of BDD after reactive-
ion etching (RIE) in an oxygen plasma, leading to the
formation of nanospikes (up to 280 nm high) greatly
enhancing the specific surface area. LLonger nanospikes
are formed after a longer RIE process duration, but a
5 min etch was optimal to avoid exfoliation. These O-
BDD surfaces possess a high specific capacity of
70.6 mF cm™? (at 0.32 mA cm_z) with a capacitance
retention of 84.3% after 15k cycles in galvanostatic
charge/discharge (GCD) tests. Nanospikes were also
grown directly on BDD by Banerjee et al. [53] in a gas
admixture containing B;Hg and Nj. These structures
were composed of up to 63% of the spz-carbon phase,
based on XPS findings. As a result, the electrode
topography is intriguing, with cauliflower-like grains and
rising spikes that have an average height of nearly 2 pm
and a bottom thickness reaching 100 nm. The elec-
trodes are reported to possess a specific capacitance of
250 mF ¢cm™? (at 3 mA cmfz) and 77.8% capacitance
retention after 164 h of GCD tests. A symmetric
capacitor built with BDD grown on titania nanotubes
and operating in an aqueous electrolyte was charac-
terised by 15 mF cm 2 capacitance, 24.68 kW kg_1
power density and 93% retention after 100k GCD cycles
[10]. The remarkable characteristics of the material
were delivered by nanoporous, multi-faceted and
substoichiometric TiC, forming clusters at the lateral
surfaces of the titania nanotubes. Manipulating the
methane concentrations during film growth leads to the
formation of  diamond—graphite  nanoplatelets,
exceeding 8% CHy in a gas mixture [40]. The formation
of conductive nanostructures decreased the working
electrolytic window and increased the double-layer
capacitance, also lowering the peak-to-peak separation
in CV studies. The HRTEM demonstrated the nano-
platelets to possess a core—shell structure, with dia-
mond grains surrounded by a 4 nm thick graphite layer,
while the interplanar distances suggested (111) dia-
mond and (002) graphite facets, see Figure 3(l—n).
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Similar hybrid diamond—graphite nanoplatelet surfaces
were studied by Santos et al. [54], demonstrating su-
perficial heterogeneous faradaic charge transfer between
these facets. The nanodiamond platelets deliver
enhanced electron transfer rates improving the elec-
troactivity of the nanographitic cores.

Summary and future perspectives
Summarising, this brief review presents the recent
progress in studies concerning structural and chemical
modifications of a large variety of BDD derivatives,
introducing the heterogeneous electrochemical behav-
iour and thus affecting the key properties of diamond
materials. We also present the trends in mapping the
local electric heterogeneity, including SECM, SPM and
other techniques. We have anticipated multi-factor-
originated heterogeneities tuned by geometric, physi-
cochemical and electronic properties of diamond
displaying the essential fabrication and diagnostic
methodologies and critically reviewing their benefits
and drawbacks. Some examples of diamond types with
various heterogeneities are summarised in Table 1.

Definitely, new technology has to be developed if we
would like to go forward with broader BDD applications
and improving its drawbacks such as inhomogeneities or
heterogeneities. The current CVD and HPHT tech-
nologies have been developed and improved since the
early 90s and their capabilities are practically exhausted
in terms of hardware available on the market. A good
chance of achieving a breakthrough in this area will be
the development of a new technology or a significantly
modified machine delivering homogeneous power to the
growth surface over large areas (i.e. scaling a linear an-
tenna system or DC arc plasma jet CVD).

The development of quantum modelling methods that
give wider possibilities for the prediction of growth
processes and selection of plasma parameters as well as
interaction with the substrate could also push forward
growth of a homogeneous diamond. The single-crystal
diamond has so far only been achieved on the surface
of monocrystalline iridium, but wider studies and other
monocrystalline surfaces would probably allow for
minimising heterogeneity by dominating a specific
crystallographic phase, for example (111). Technologies
for the synthesis of large single crystals, such as mosaic,
are too expensive for broad electrochemical and elec-
troanalytical applications, but advanced self-assembling
nanodiamonds or microdiamonds with similar shapes
might give a chance to obtain large homogeneous sur-
faces with a minor heterogeneity impact. New trends in
the synthesis of diamond composites using HPHT with
novel catalysts or novel approach applying a highly en-
ergetic plasma sintering are under development.
Another aspect inducing heterogeneity is the nucleation
and seeding utilised in CVD on non-diamond substrates.

Heterogeneities of BDD surfaces Bogdanowicz and Ryl 7

In this respect, further research on diamondoids or other
molecular seeds as well as other diamond precursors, for
example CCly with a lower energetic barrier, would be
desired. Furthermore, spatially selective modification of
the BDD surface should be developed to minimise
electrochemical heterogeneities through intelligent,
targeted surficial grafting utilising for example metallic
nanoparticles, nanodiamonds or conductive ceramics.

A nanoarchitectured diamond allows large aspect ratios to
be achieved, often exhibiting a developed EASA and
enhanced charge transfer for catalytic, sensing and energy
applications. On the other hand, for the electroanalysis,
the LOD and reproducibility depend on defining the
initial state of the electrode, often uncontrollably affected
by the -electrochemical heterogeneities introduced
together with surface modification procedures.
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