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a b s t r a c t

High pressure high temperature (HPHT) synthesis of crystallographically well-defined boron doped
diamond (BDD) microparticles, suitable for electrochemical applications and using the lowest P and T
(5.5 GPa and 1200 �C) growth conditions to date, is reported. This is aided through the use of a metal (Fe
eNi) carbide forming catalyst and an aluminum diboride (AlB2) boron source. The latter also acts as a
nitrogen sequester, to reduce boron-nitrogen charge compensation effects. Raman microscopy and
electrochemical measurements on individual microparticles reveal they are doped to metal-like levels,
contain negligible sp2 bonded carbon and display a large aqueous solvent window. A HPHT compaction
process is used to create macroscopic porous electrodes from the BDD microparticles. Voltammetric
analysis of the one-electron reduction of Ru(NH3)6

3þ is used to identify the fundamental electrochemical
response of the porous material, revealing large capacitive and resistive components to the current-
voltage curves, originating from solution trapped within the pores. Scanning electrochemical cell mi-
croscopy is employed to map the local electrochemical activity and porosity at the micron scale. Such
electrodes are of interest for applications which require the electrochemical and mechanical robustness
properties of BDD, e.g. when operating under high applied potentials/currents, but with the additional
benefits of a large, electrochemically accessible, surface area.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In recent years, boron doped diamond (BDD) has received sig-
nificant investigation as an electrode material due to its interesting
properties compared to traditional metallic and sp2 bonded carbon
electrodes. These include a wide solvent window in aqueous so-
lutions, low background currents, biocompatibility, resistance to
fouling and minimal corrosion rates in harsh environments [1e3].
BDD electrodes thus find use in many relevant electrochemical
applications including waste-water treatment, electroanalysis,
synthesis of both inorganic and organic molecules, and biomole-
cule sensing [1e3].
Macpherson).
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To be useful as an electrodematerial, the boron levels need to be
above the metallic doping threshold of ca. 1020 B atoms cm�3 [3].
This is most easily achieved using chemical vapor deposition (CVD)
[4,5], which employs tightly controlled gaseous conditions,
resulting in BDD grown in film format on a support material.
Compared to high pressure high temperature (HPHT) synthesis [6]
which typically employs graphite as the carbon source in
conjunction with molten metal catalysts to reduce the growth
temperature, CVD growth is a relatively slow and expensive pro-
cess. In contrast, HPHT synthesis produces large volumes of micron
to sub-mm sized, diamond particles often referred to as ‘grits’,
quickly, and at a relatively low cost [7]. HPHT-grown grits have
found widespread use in cutting and grinding tools. Diamond grits
typically contain a few 100 ppm of nitrogen, incorporated as single
substitutional nitrogen impurities (Ns

0) from the atmosphere during
growth [8].
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Table 1
Composition of boron containing powder mixes.

AlB2 (wt%) AlB2 (g) Undoped powder mix (g) Total mass (g)

3.6 19.8 530.2 550
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BDD microparticles are useful cost-effective building blocks for
producing hierarchical three dimensional structures for a wide
range of electrochemical applications requiring high surface areas,
such as gas diffusion electrodes [9], electrical double layer capaci-
tors [10], electrosynthesis [11], electrochemical advanced oxidation
[12], electrochemical disinfectant production [13] etc. They are also
a suitable precursor for processing down to the nanoparticle size
[14,15]. However, achieving homogenous boron doping at the levels
required for metallic conductivity whilst retaining a well-defined
crystallography is challenging in HPHT synthesis. High levels of
boron in HPHT diamond causes crystallographic defects [16],
which, if significant, will result in an unwanted change in the
chemical and physical properties of the BDD particle. Given the
presence of nitrogen during HPHT growth, it is also possible for
incorporated Ns

0 to electrically compensate boron via electron
transfer. Thus, even if the concentration of boron is high, in the
presence of nitrogen dopants, NeB charge compensation acts to
reduce the concentration of available charge carriers [17]. Thus,
measuring the total boron concentration alone, especially with
HPHT material, is not sufficient to ascertain viability for electro-
chemical applications. To reduce nitrogen incorporation into the
diamond lattice during HPHT synthesis, nitride forming elements
(typically Al, Ti, or Zr) [18] can be added to the solvent/carbon so-
lute matrix.

To date, there has been relatively little research on the HPHT
synthesis of BDD particles [16,19e25] Furthermore, of the limited
studies undertaken, use of HPHT BDD as an appropriately doped
electrochemical material is yet to be demonstrated. In some cases,
the boron content is not quantified [16,22], complete experimental
conditions are not reported [19,20], or the boron content is insuf-
ficient for electrochemical use [21,24]. The highest boron doping
levels achieved, (1.4e2.7) � 1021 cm�3, have been obtained using a
MgeZn (catalyst) B-C system at over 1750 �C (full experimental
conditions were not reported) [19]. As Mg and Zn do not form
carbides, higher temperature and pressure conditions were
required.

By using carbide forming catalyst metals, such as Fe, Ni, Mn, and
Co, a reduction in growth temperature and pressure is possible,
decreasing the cost and energy required for production [25]. By
employing a Co (catalyst) BeC system, HPHT BDD with an esti-
mated boron content of around 1020 cm�3 was obtained using
growth conditions of 8 GPa and 1400e1600 �C. The material was,
however, in the form of polycrystalline aggregates in which inho-
mogeneous boron doping was reported [23]. BDD has also been
obtained from a NieMn (catalyst) BeC system, at 5 GPa and
1500e1600 �C, with a boron content of (2 ± 1) � 1020 cm�3 [25].
The particles produced at this doping level were found to have very
rough surfaces with a layer-like structure, lacking well-defined
crystal faces. For all these studies, no information was provided
on the nitrogen levels and no nitrogen sequesters were employed
during synthesis.

In this study, we determine HPHT experimental conditions
which result in the synthesis of: (i) well-defined (in terms of
crystallographic morphology) BDD microparticles, with (ii) suffi-
ciently high, uncompensated, boron levels so that the material is
suitable for use as an electrode, and (iii) use of the lowest P and T
conditions todate [16,19e25]. We assess the material and electro-
chemical properties at both the single particle level and in
compacted-particle, porous electrode form. To investigate porosity
effects in greater detail we employ scanning electrochemical cell
microscopy (SECCM) [26]. Here a mobile micro-droplet electro-
chemical cell is scanned across the surface of the compacted elec-
trode and the voltammetric response used to fingerprint local
porosity.
846
2. Experimental

2.1. Reagents and materials

HPHT BDD material was produced from graphite powder (S9,
Morgan Advance Materials), carbonyl iron powder (Fe > 99.5% CIP
CN, BASF), carbonyl nickel powder (Ni >99.85%, type 123, Vale),
AlB2 (grade A, H. C. Starck), and US Mesh 100 diamond seed
(1.60e1.77 mm diameter, polycrystalline diamond micron grade 2,
Element Six Ltd). For particle recovery and cleaning, hydrochloric
acid (HCl 37e38%, SG 1.18, Scientific and Chemical Supplies Ltd),
nitric acid (HNO3 68e70%, SG 1.42, Scientific and Chemical Supplies
Ltd), sulphuric acid (H2SO4 95e97%, SG 1.84, Scientific and Chem-
ical Supplies Ltd), hydrofluoric acid (HF 60%, Euro Lab Supplies Ltd),
and potassium nitrate (KNO3 99.0%, Scientific and Chemical Sup-
plies Ltd) were used. CircuitWorks conductive silver epoxy
(Chemtronics) was employed to fix HPHT compacts to Ti/Au coated
glass slides for electrochemical characterization.

All solutions were prepared usingMilli-Q ultrapurewater with a
resistivity of 18 MU cm (Millipore Corporation). Experiments were
carried out at 25 �C unless otherwise stated. For electrochemical
characterization, hexaamineruthenium(III) chloride (Ru(NH3)6Cl3
99%, Strem chemicals) was used as a redox couple and potassium
nitrate (KNO3 99%, Sigma Aldrich) as supporting electrolyte. For
electrodeposition of poly(oxyphenylene), phenol (C6H5OH >99%,
Sigma Aldrich), 2-allylphenol (98%, Sigma Aldrich), 2-n-butox-
yethanol (99%, Alfa Aesar), ammonium hydroxide (50% v/v aqueous
solution, Alfa Aesar), and methanol (MeOH >99.5%, Fisher Scienti-
fic) were used.
2.2. HPHT material preparation

10 g of a ‘mastermix’ was prepared containing 5 g of graphite
powder (50 wt%), 3.5 g of iron powder (35 wt%), 1.5 g of nickel
powder (15 wt%), and 0.002 g of diamond seed. A single steel ball
(10 mm diameter) was added to the mastermix and the pot mixed
for 30 minwith a turbulent mixer. 1 kg batches of undoped powder
were then prepared containing 500 g of graphite (50 wt%), 350 g of
iron (35 wt%), 150 g of nickel (15 wt%), and 1.525 g of ‘mastermix’
(0.305 mg of diamond seed per kg). 200 g of steel balls (10 mm
diameter) were added (1:5 mass ratio of steel balls to powder) and
mixed for 3 h using a cone blender. This ratio of metal powders was
chosen as this is close to the eutectic ratio for a Fe/Ni/C system and
thus allows synthesis at the lowest possible P/T conditions, whilst
providing a wide P/T operating range. The undoped powder was
then mixed with AlB2, using two different concentrations of AlB2
expressed as weight % (Table 1). Concentrations of AlB2 were cho-
sen to ensure an excess of B was available during growth i.e. to
produce BDD with >1020 B atoms cm�3 required for metal-like
conductivity.

Steel balls (10 mm diameter, 1:5 ball to powder ratio) were
added to these powders which were then mixed for 1 h using a
cone blender. The boron containing powder mixtures were sieved
to remove the balls, compacted into cylinders (18 g per cylinder)
and heated to 1050 �C under vacuum to remove oxygen and
hydrogen impurities. Synthesis was then carried out at as low as
possible P/T conditions, here ca. 5.5 GPa and 1300 �C in a cubic anvil
4.8 26.4 523.6 550
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HPHT apparatus [27].
To remove residual metals, unreacted graphite and sp2 bonded

carbon formed on the BDD surface, the following cleaning treat-
ment was applied. Specifically, two cylinders were first crushed
into small pieces using a Weber press operating at 100 kN. The
crushed particles were then heated at 250 �C in HCl (2.0 L) for 22 h.
When cool, the solution was decanted through an 80 mm sieve to
remove any smaller graphitic residue, and the acid discarded. This
process imposes a minimum size of 80 mm in the final particle size
distribution. The remaining solids were then subjected to three
rinses with deionised water and the BDD particles then boiled at
250 �C in a 3:1mix of H2SO4 and HNO3 (1.5 L and 0.5 L, respectively)
for 22 h. The solution was again decanted through an 80 mm sieve,
the acid discarded, and the remaining solids rinsed three times
with deionised water. The BDD particles were added to H2SO4
(0.5 L) and the solution heated to 300 �C. Once boiling, approxi-
mately 10 g of KNO3 crystals were added and the solution left for an
additional 30 min. Once cool, the solution was sieved and washed
as previously described. Finally, the BDD particles were added to
100 mL of deionised water in a beaker and placed in an ultrasonic
bath (Branson 5510) for 20 min to remove any residual graphite.
After this time, the waste water was carefully decanted, and the
process repeated until the water remained colorless after ultra-
sonication. This water was also decanted and the BDD particles left
to dry overnight in a 60 �C oven.

To produce HPHT BDD compacted electrodes, herein referred to
as “compacts” approximately 2 g of BDD particles were compacted
at around 6.6 GPa and 1700 �C in a cubic anvil HPHT apparatus to
produce BDD discs. Each compact was treated for 24 h in a mixture
of 50 mL HF and 50 mL HNO3 to release the compacts from the
capsule residue. In the absence of metal, at these temperatures, a
small degree of BDD to graphite conversion is expected during
HPHT compaction. Graphite formation will be prominent in areas
where the pressure experienced by the BDD is lower than the
nominal applied pressure, due to themicrostructure of the compact
[28]. A surface de-graphitization treatment was applied by
annealing for 5 h at 450 �C in air [29], before polishing one side of
each compact to leave a smooth surface, rms roughness ca.
100e200 nm (measured by white light interferometry, Bruker
ContourGT). Polishing was achieved using a resin-bonded scaife,
embedded with diamond grit particles, whilst rotating and trans-
lating the compacts to ensure multidirectional polishing of the
surface.

All characterization was carried out on the polished side of the
compact, which had a diameter of approximately 16 mm and a
thickness of 2 mm. To carry out electrochemical characterization, a
titanium (Ti:10 nm)/gold (Au:400 nm) contact was sputtered
(Moorfield MiniLab 060 Platform Sputter system) on the unpo-
lished side and annealed in air (400 �C for 5 h) to create an ohmic
contact [30]. Each compact was then placed on a Ti/Au coated glass
slide with CircuitWorks conductive silver epoxy (Chemtronics) in
contact with both the slide and the Ti/Au contact and left to dry in a
60 �C oven for at least 1 h.

Electrodes were also fabricated from single BDD particles
(4.8 wt% AlB2 only). Metal contacts were sputtered onto one end of
an individual BDD particle by embedding the particle into silicone
WF Gel-Film (Gel-Pak), exposing a single face to the sputter target.
Particles were removed from the Gel-Film after sputtering and then
annealed as described above. CircuitWorks conductive silver epoxy
(Chemtronics) was used to adhere individual particles to lengths of
PVC insulated copper wire (RS Components) which had been pol-
ished with silicon carbide pads (Buehler) to a point. These were left
to dry in an oven (60 �C) for at least 1 h. These assemblies were then
sealed using epoxy resin (Epoxy Resin RX771C/NC, Aradur Hard-
ener HY1300GB, Robnor Resins), and dried at room temperature for
847
72 h. After drying, excess epoxy was removed by carefully polishing
with silicon carbide pads (Buehler) of decreasing roughness until
the BDD particle was exposed to produce a single particle electrode.

2.3. Material characterization

(i) Raman spectroscopy measurements were performed using a
Renishaw inVia Reflex Raman microscope with a 532 nm (2.33 eV)
solid state laser, a laser power of 3.6 mW and a Leica N-Plan �50
objective with an NA of 0.75; giving a spot size of approximately
1 mm. (ii) Field emission scanning electron microscopy (FE-SEM)
images of the BDD particles and compacts were taken using the SE2
and InLens secondary electron detectors of a Zeiss Gemini FE-SEM
500 (Zeiss, Germany) operating at 5 kV and 3 kV, respectively.
Energy-dispersive X-ray spectroscopy (EDS) measurements of the
BDD particles and compacts were recorded using the EDX unit
(Oxford Instruments) attached to the microscope, and corre-
sponding images taken using the SE2 detector, at a working dis-
tance of 8.5 mmwith an accelerating voltage of 20 kV. (iii) Inert gas
fusion infrared and thermal conductivity detection (ON736 Oxy-
gen/Nitrogen Elemental Analyzer; LECO Corporation, Michigan,
USA) was used to determine the nitrogen content of the particles.
(iv) Glow discharge mass spectrometry (GDMS; Evans Analytical
Group SAS, Tournefeuille, France) was utilized to characterize the
boron content of the HPHT BDD particles. (v) Secondary ion mass
spectrometry (SIMS; Loughborough Surface Analysis Limited,
Loughborough, UK) was employed to characterize the boron con-
tent of the compact disks. (vi) Finally, four point probe measure-
ments were recorded (Jandel RM300) using 100 mm probes
arranged in a linear array with 1 mm spacing between probes to
determine compact resistivity.

2.4. Electrochemical characterization

Cyclic voltammetry (CV) was carried out using a potentiostat
(CHInstruments 600B, 760E, or 800B). A three-electrode droplet
cell setup [31] (Fig. S1 in electronic supporting information, ESI 1)
was used with the BDD compact as the working electrode, a plat-
inum coil as the counter electrode and a saturated calomel (SCE)
(CHI150, IJ Cambria Scientific) or a commercial Ag/AgCl as reference
electrodes (DRIREF-2SH, saturated KCl, World Precision In-
struments). All potentials are quoted with respect to the reference
electrode. All BDD electrodes were oxygen-terminated due to the
cleaning procedures adopted prior to use. Each measurement on
the compact electrode was recorded for a 1 mm diameter circular
area of the surface, achieved by masking with a piece of Kapton
tape containing a 1 mm diameter circular hole, cut using a laser (A
Series 532 nm Nd:YAG 15 ns pulse green laser, Oxford Lasers Ltd.
UK). A droplet of the electrolyte solution (~100 mL) was placed on
the electrode surface. The platinum counter electrode was posi-
tioned as far away as possible from the electrode surface (ca. 5 mm)
in the droplet cell set-up, sufficient to prevent counter electrode
electrolysis products interfering with the BDD electrochemical
response on the measurement timescale. Before measurements,
the surface of each BDD compact was electrochemically cleaned by
running CVs between�2.0 V andþ0.2 V in 0.1 M H2SO4. A standard
three-electrode cell set-up was used with the single particle BDD
electrodes, with a platinum coil counter electrode and a SCE
electrode.

Solvent window and capacitance measurements were run in
0.1 M KNO3 at a scan rate of 0.1 V s�1. Solvent windows are defined
for a geometric current density of ±8.5 mA cm�2 for compacts and
±2.0 mA cm�2 for single particle electrodes. Limits were chosen
where water electrolysis first becomes evident above the back-
ground current measured. The electrode response for the fast redox
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couple Ru(NH3)63þ/2þ was also investigated by recording CVs of
either 1 mM or 10 mM Ru(NH3)6Cl3, in 0.1 M KNO3 electrolyte, at
scan rates in the range 0.005 V s�1 to 0.1 V s�1. The BDD compact
and BDD single particle electrode, Pt counter electrode, and Ag/
AgCl reference electrode were rinsed between different solution
measurements.

For SECCM measurements to detect differences in local wetting
across the compact electrode, nanopipettes were pulled from bo-
rosilicate glass single barrel capillaries (1 mm o.d., 0.5 mm i.d.,
Harvard Apparatus) using a Sutter P-2000 laser puller (Sutter In-
struments, USA). After pulling, the inner diameter of the end of the
nanopipettes were ca. 1 mm. The outer walls were silanized by
dipping the nanopipette in dichlorodimethylsilane (>99% purity,
Acros), while flowing argon through to ensure the insidewalls were
not silanized. This treatment minimized solution spreading from
the pipet onto the sample surface during SECCM measurements
(vide infra) [32]. The nanopipette was filled with solution contain-
ing 10 mM Ru(NH3)6Cl3 and 10 mM KNO3 and an AgCl-coated Ag
wire quasi-reference-counter electrode (QRCE) inserted into the
back of the nanopipette. A relatively low concentration of sup-
porting electrolyte was used to prevent KNO3 crystallization during
measurements. The experimental setup is shown in ESI 2, Fig. S2. A
hopping mode was employed [33], whereby the nanopipette was
used to make a series of discrete voltammetric measurements
across a 300 � 300 mm area (pixel separation or ‘hopping distance’
of 5 mm) of the HPHT BDD compact (4.8 wt% AlB2) surface (working
electrode). The uncompensated tip resistance under these condi-
tions was determined to be 15MU from an IeV curve measurement
[34]. As discussed below, the resulting ohmic drop was relatively
small, given the small currents measured. The potential applied to
the QRCE was swept fromþ1 V to �1 V, then back toþ1 V at a scan
rate of 10 V s�1, and the current at the surfacewas recorded. All data
analysis was performed using Matlab (R2014b, Mathworks).

A high quality CVD grownmetal-like doped polycrystalline BDD
electrode (350 mm thick, negligible sp2 bonded carbon content,
grown by a commercial microwave CVD process by Element Six Ltd,
UK, mechanically polished to sub-nm surface roughness) [35] was
used as a control. The crystal orientation of the compact surface for
the SECCM scanned area was determined by electron backscatter
diffraction (EBSD) using a Zeiss Sigma FE-SEM (Zeiss, Germany)
equipped with a Nordlys EBSD detector (Oxford Instruments, UK).

3. Results and discussion

3.1. Material characterization

FE-SEMwas employed to investigate themorphology and size of
the BDD particles produced via HPHT. To the best of our knowledge,
this is the first time crystallographically well-defined HPHT single
crystals, which contain BDD at sufficiently high doping levels for
electrochemistry, have been observed, as shown in Fig. 1a and b, for
3.6 wt% and 4.8 wt% AlB2, respectively. The crystals are typically
octahedral in shapewith the triangular {111} face dominant (Fig.1a,
pink arrow); growth rate of {111} < {100}, as explained by the bald
point model (ESI 3, Fig. S3) [16]. From the FE-SEM images recorded
(n ¼ 3), the growth process resulted in HPHT BDD particles of sizes
80e190 mm (3.6% AlB2) and 80e180 mm (4.8% AlB2). 80 mm was a
minimum size imposed by the sieving process employed during
particle recovery (see HPHT material preparation).

Defects on the surfaces of the crystal faces were observed for
both boron concentrations [16], Fig. 1c and d. Similar types and
density of defects were observed, regardless of boron concentra-
tion, these included small holes and triangular features (green
circles), the latter observed predominantly on the {111} face, Fig. 1c.
Other more irregularly shaped pits (blue rectangles), Fig. 1c and d,
848
were also noted, although in some locations these could be the
result of closely spaced triangular pits. Triangular etch pits are
expected on {111} faces [36,37]. Some deformation from perfect
crystallinity was observed, particularly evident at the corners of the
individual crystals (Fig. 1a and b) along with small crystallite
nucleation and growth on the faces of the larger crystals, typically
at defect sites (red arrow, Fig. 1d) [38]. EDS measurements indi-
cated that the surfaces of the particles were also free from residual
Fe and Ni catalytic metallic impurities (ESI 4, Fig. S4), although it is
possible Fe and Ni may still be present in small quantities as in-
ternal inclusions buried within the particles. However, these will
not affect electrochemical properties as electrochemical processes
occur only at the electrode-electrolyte interface.

FE-SEM images were also taken of the polished surface of the
BDD microparticle compacted “compact” electrodes (Fig. 2). In
polycrystalline CVD grown BDD, differences in SEM contrast be-
tween grains has been observed due to varying levels of boron
uptake in different crystallographic faces [39]. In Fig. 2 a and b, the
black regions represent voids between compressed particles, as no
binder is present during compaction to fill these gaps. Metal
binders, such as Co and Ni [40], are deliberately excluded here to
avoid metallic interferences to the electrochemical response.

Importantly, within and between particles the contrast varies
minimally suggesting homogenous boron doping throughout, not
unexpected given the prevalence of octahedral {111} faces. Between
the large, clearly distinguishable particles are poorly defined areas
consisting of much smaller particles. During compaction, some of
the larger particles will fracture and fill appropriately sized gaps
between particles. A greater extent of connection, with fewer and
smaller holes between particles was observed for the 4.8 wt% AlB2
additive (Fig. 2a) compared to 3.6 wt% AlB2 (Fig. 2b) where BDD
particles appear more isolated and distinct. Tentatively this could
suggest that the higher doped BDD particles fracture more easily
under the high pressures applied, producing the smaller fragments/
particles required to fill the gaps.

To provide information on boron doping levels, Raman spectra
were taken of the two differently boron doped compacts (Fig. 3)
and compared to the spectrum obtained for an HPHT single dia-
mond crystal (contains nitrogen at doping levels typically
200e300 ppm [41]; ca. 3e6 � 1019 N atoms cm�3). The presence of
boron in the diamond lattice is confirmed by peaks at ~550 cm�1

and ~1200 cm�1, a signature of highly doped BDD and not observed
in the diamond crystal [42]. The 550 cm�1 peak has been attributed
to the local vibration modes of boron pairs within the lattice [43].
The broad 1200 cm�1 band corresponds to a maximum in the
phonon density of states which arises from the disorder introduced
by boron doping [44].

The BDD Raman line is also red-shifted slightly relative to the
diamond line (1332.5 cm�1; Fig. 3a), occurring at 1330.83 cm�1 and
1329.15 cm�1 for 3.6 wt% AlB2 and 4.8 wt% AlB2, respectively. This
shift is due to boron impurity scattering which causes a tensile
residual stress [45]. The larger magnitude shift is observed for the
4.8 wt% AlB2 compact, indicating a higher boron doping level than
for the 3.6 wt% AlB2 compact, as expected. A slight asymmetry of
this peak is also observed due to a Fano resonance [46], indicative of
metal-like conductivity [47]. No graphite peaks are present (the G
and D peaks lie at ca. 1560 cm�1 and 1360 cm�1 respectively) [48]
indicating removal of any sp2 bonded carbon impurities introduced
either during growth or the compaction process, within the reso-
lution of the measurement. Raman spectra for the individual HPHT
BDD particles were also obtained (ESI 5, Fig. S5) and the same key
features observed. As the Raman spot size (ca. 1 mm) was signifi-
cantly smaller than the size of a particle, spectra can be recorded on
individual particles. No significant difference was seen between
particles. This again is supportive of the observation that the vast



Fig. 1. FE-SEM images showing morphology (a and b), and surface defects (c, close up of {111} face, and (d) of HPHT BDD particles made with 3.6 wt% AlB2 (a and c) and 4.8 wt% AlB2
(b and d). Red arrows indicate surface nucleation and green circles and blue rectangles indicate triangular pits and irregularly shaped holes, respectively. (A colour version of this
figure can be viewed online.)

Fig. 2. FE-SEM images showing surface structure of the polished compact electrodes produced from HPHT BDD particles synthesized using 3.6 wt% AlB2 (a) and 4.8 wt% AlB2 (b).

Fig. 3. Raman spectra of (a) HPHT diamond, and HPHT BDD compacts at (b) 3.6 wt% and (c) 4.8 wt% AlB2 additive. BDD peaks observed at 550 cm�1 and 1200 cm�1, along with an
asymmetry due to Fano resonance and redshift in the intrinsic diamond peak at 1330.83 cm�1 (3.6 wt% AlB2) and at 1329.15 cm�1 (4.8 wt% AlB2). (A colour version of this figure can
be viewed online.)
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majority of particles grown are of the same crystallographic
orientation.

SIMS and GDMS analysis of the two differently boron doped
compacts are given in Table 2 and provide information on the total
boron and nitrogen dopant levels. Both compacts are above 1020 B
849
atoms cm�3 [3], with higher [Btotal] for the larger wt% of AlB2 added.
With no concern for nitrogen doping these would be indicative of
suitable boron dopant levels for metal-like conductivity. However,
in HPHT growth nitrogen doping must also be considered. The
measured nitrogen content was found to be more than one order of



Table 2
[Btotal] from glow discharge and secondary ion mass spectrometry (GDMS and SIMS, respectively), [Ntotal] from LECO nitrogen elemental analysis.

AlB2 (wt%) [Btotal] from GDMS (atoms cm�3) [Btotal] from SIMS (atoms cm�3) [Ntotal] (atoms cm�3)

3.6 2.0 ± 0.4 � 1020 1.3 ± 0.1 � 1020 7.7 ± 0.4 � 1018

4.8 2.9 ± 0.6 � 1020 1.9 ± 0.1 � 1020 4.2 ± 0.1 � 1018
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magnitude lower than the boron content (Table 2). The data in-
dicates nitrogen compensation effects will not be significant, also
concluded from the Raman data in Fig. 3, which show BDD peaks
with accompanying Fano resonances.
3.2. Electrochemical characterization

3.2.1. Macroscopic measurements
Electrochemical characterization of the polished surface of the

two differently doped BDD compacts was performed. Data for the
3.6 wt% AlB2 compact are shown in blue, and data for the 4.8 wt%
AlB2 compact are shown in red, Fig. 4. The solvent windows, for
each material (Fig. 4a) in 0.1 M KNO3 at 0.1 V s�1, were wide and
featureless, with values of 2.64 V and 2.95 V for 3.6 wt% AlB2 and
4.8 wt% AlB2 (for a given geometric current density of
±8.5 mA cm�2) respectively. To calculate the electrochemical
capacitance, C, the voltage window was decreased to 0 V ± 0.1 V
(Fig. 4b) and equation (1) was used:
Fig. 4. CVs recorded in 0.1 M KNO3 at a scan rate of 0.1 V s�1 at the polished HPHT BDD com
(b) typical capacitance curves recorded to calculate capacitance, and electrode response in
online.)

850
C¼ iav
vA

(1)

where iav is the average current magnitude at 0 V from the forward
and reverse sweep, n is the scan rate (0.1 V s�1) and A is the geo-
metric electrode area. The sloping response of the CV in Fig. 4b
indicates both a significant resistive contribution, as well as a
capacitive component.

For polished CVD-grown BDD a C of �10 mF cm�2 is typical [35].
The C values for the compact electrode are almost three orders of
magnitude larger, 3.1 mF cm�2 for 3.6 wt% AlB2 and 2.6 mF cm�2 for
4.8 wt% AlB2. However, as the CV is sloped rather than rectangular
in shape, due to resistive contributions, these values should be
considered as approximates. This is also true of the solvent window
values, where ohmic drop contributions are also likely to be pre-
sent. In accordance with the FE-SEM images in Fig. 2, this suggests
that there is an almost three orders of magnitude larger electro-
chemically accessible surface area, due to the porosity of the
compact. The porosity results from the voids present between
particles, as seen in Fig. 2. There is also the possibility of porosity
pacts with 3.6 wt% AlB2 (blue) and 4.8 wt% AlB2 (red). Shown are (a) solvent windows,
(c) 1 mM and (d) 10 mM Ru(NH3)63þ/2þ. (A colour version of this figure can be viewed
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arising from sub-micron sized fractures, present within the parti-
cles and introduced during the compaction process. For some
electrochemical applications, e.g. electrochemical supercapacitors,
high capacitance materials are desired [49,50]; although not the
focus here this will be explored in the future.

For the two different compact electrodes, from four-point probe
resistivity measurements (in air), taking into account electrode
geometry, resistance values of 0.48 ± 0.06 U and 0.27 ± 0.03 U for
3.6 wt% AlB2 and 4.8 wt% AlB2, respectively, were determined; see
ESI 6 for further details. These values demonstrate that the
compaction process is successful at producing a low-resistance,
well-connected BDD particle to BDD particle, HPHT electrode. The
ohmic drop (iR) contribution, assuming just these resistance values,
will be negligible when considering the currents passed in Fig. 4c
and d. However, the CVs in Fig. 4b, show non-zero, approximately
linear gradient backgrounds, suggesting a significantly higher
resistance when the electrodes are immersed in the electrolyte
solution: 15.4 ± 9.5 kU and 10.0 ± 5.4 kU for 3.6 wt% AlB2 and 4.8 wt
% AlB2 compact electrodes, respectively (taking the voltage range
0.0e0.1 V and simply applying Ohm’s law). We attribute this
resistance to solution porosity; solution trapped within the small
pores results in significant, high solution resistance, manifested in
the electrochemical measurement.

To provide information on the electrochemical performance
properties of the material, the one-electron reduction of Ru(NH3)63þ

was studied by CV. Due to the large background currents, the
reduction and oxidation peaks for CV of 1 mM Ru(NH3)63þ are
difficult to discern (Fig. 4c) over the background at this scan rate
(0.1 V s�1). Note that for an identical cell set-up and CV scan con-
ditions on planar CVD-grown BDD, the Ru(NH3)63þ response is close
to reversible (diffusion-controlled), with a 62 mV peak to peak
separation, DEp (ESI 7, Fig. S7). Increasing the concentration of
Ru(NH3)63þ to 10 mM (Fig. 4d), improves the CV response of the
compact electrodes, with DEp values of 125 mV and 104 mV for
3.6 wt% AlB2 and 4.8 wt% AlB2, respectively. The larger DEp values,
compared to the response of the CVD BDD electrode in 1 mM
Ru(NH3)63þ (ESI 7, Fig. S7), again indicate uncompensated resistance
(ohmic drop). However, the apparent uncompensated resistances
in these CVs are significantly less than would be deduced from the
resistance values derived from the capacitive curves in Fig. 4b. This
is because as the pore solution resistance increases with increasing
solution penetration depth there will be a concomitant decrease in
the driving force for the redox process. This results in a natural
depth limit at which the redox reaction can no longer occur for a
given applied potential range. A major component to the redox
process is thus from the top surface of the electrode (planar
diffusion), exposed directly to the solution, where ohmic drop
contributions are less significant.

3.2.2. Local electrochemical measurements
To further understand porosity and pore solution resistance

contributions to the electrochemical response of the compact
electrodes, SECCM measurements were performed using a 1 mm-
diameter pipette. This pipette was sufficiently small such that it
was possible to make measurements on individual crystal faces of
the compact. CVs were recorded in 10 mM Ru(NH3)63þ and 10 mM
KNO3. A typical voltammetric response, on a (111) facet of a 4.8 wt%
AlB2 HPHT compact, identified using EBSD analysis (vide infra), is
shown in Fig. 5a. This response is compared to a typical CV obtained
under the same conditions but using a CVD-grown polished poly-
crystalline BDD electrode, Fig. 5b. Detailed analysis of all CVs on the
4.8 wt% AlB2 HPHT BDD compact is provided in Fig. 6 (vide infra).

In all cases, the SECCM tip was landed at a working electrode
potential of 1 V vs QRCE. Immediately upon meniscus contact with
the substrate (but no contact of the pipette), the voltammetric scan
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commenced, at a fast rate of 10 V s�1 to prevent significant wetting
on the timescale of the scan, given the hydrophilic nature of oxygen
terminated BDD [32]. For the compact, at the start of the scan (1 V
vs QRCE), the current is close to zero, but as the potential is scanned
cathodically, a reduction current begins to flow at
approximately �0.3 V and increases monotonically as the potential
is scanned further in the negative direction. At �1.0 V vs QRCE, the
scan direction is reversed and the current decreases in magnitude
towards 0 nA, before an anodic peak is observed in the potential
range �0.2 V to þ0.5 V. Notably, the reduction current magnitudes
for the HPHTelectrode (Fig. 5a) aremuch higher when compared to
the CVD sample (Fig. 5b). A different CV shape is also observed; the
reduction peak of Ru(NH3)63þ at �0.75 V is pronounced for the CVD
electrode but not observed for the HPHTelectrode. An estimation of
the electron transfer kinetic rate constant for CVD grown BDD was
obtained from Fig. 5b using DigiElch software [51] (¼
5 � 10�3 cm s�1), for details see ESI 8, which is broadly in line with
previous values [35].

The larger current magnitudes in the reduction sweep are
indicative of porosity effects. During the Ru(NH3)63þ reduction
process (O to R in Fig. 5), there is solution ingress into the body of
the electrode, as shown schematically in Fig. 5a. This results in high
mass transport as a result of solution flow into the electrode and a
larger accessible electrode area, compared to the corresponding
planar surface. The current magnitude increases during the forward
(cathodic) scan, but for this measurement location, does not peak.
This indicates that, overall, there is insufficient driving force for
transport-controlled electrolysis of Ru(NH)63þ at some parts of the
electrode (deep within the pores) due to the high solution
resistance.

As the potential scan direction is reversed in the anodic direc-
tion, solution will continue to flow into the porous BDD, carrying
the product, Ru(NH)62þ (O in Fig. 5a), which is re-oxidized on the
return sweep. The peak current for the compact electrode is smaller
and much broader than that for the planar surface (Fig. 5b), indi-
cating re-oxidation occurs mainly within the resistive body of the
electrode. As the scan area for each CV is typically much smaller
than the average particle size, these data provide further evidence
that the individual crystal faces are also porous, likely due to sub-
micron sized fractures created during compaction, in addition to
voids present between particles, Fig. 2.

Porosity of the intrinsic material was also confirmed by elec-
trochemically coating the HPHT BDD compact with an insulating
layer of poly(oxyphenylene) [52] and observing the electro-
chemical response (ESI 9, Figs. S8 and S9). As the coating method is
electrochemical, all accessible wetted areas of the electrode should
be available for insulation by the polymerized insulating material.
This was confirmed by the absence of an electrochemical response
when coated. Gentle polishing was employed to remove the insu-
lating polymer, predominantly from the top surface of the compact,
but leaving all accessible sub-surface pores and voids, between and
within particles, filled. Under these conditions, a clearer CV
emerges, with much smaller current magnitude and significantly
reduced capacitive contributions (ESI 9, Fig. S9) compared to the CV
recorded on the bare compact.

A key aspect of SECCM for polycrystalline electrode materials is
that the spatial distribution of electrochemical processes can be
investigated as a function of surface structure [53]. EBSD demon-
strates that the surface of a compact electrode now comprises
different crystallographic regions (Fig. 6a). Whilst the compact is
predominantly formed using octahedral {111} crystals, polishing of
the compact surface results in different regions being exposed.
Most are due to well-defined low index crystal planes, although
there are areas where the plane orientations are less well-defined
on the spatial resolution of EBSD. These areas contain much



Fig. 5. Typical CVs recorded in 10 mM Ru(NH3)6Cl3 and 10 mM KNO3 at 10 V s�1 with a 1 mm sized nanopipette on (a) a (111) facet of the 4.8 wt% AlB2 HPHT BDD compact and (b) a
high quality CVD grown BDD sample with schematics to show how electron transfer is occurring at each electrode surface. (A colour version of this figure can be viewed online.)

G.F. Wood, C.E. Zvoriste-Walters, M.G. Munday et al. Carbon 171 (2021) 845e856
smaller BDD particles, created during HPHT grit compaction, and
voids, both previously observed in the FE-SEM images in Fig. 2.

A map of onset cathodic potential as a function of tip position,
defined as the potential where the current was twice the standard
deviation of the background current (¼ �0.24 nA) is shown in
Fig. 6b. The map does not reveal any correlation of onset potential
with crystallographic orientation (Fig. 6a). This is not unexpected
given that the boron dopant density is likely to be fairly uniform
across the surface as the compact is formed mainly from {111}
crystals. Voltammetric responses from four marked locations in
Fig. 6b are shown in Fig. 6c. They are typical of those obtained at
different locations across the surface. The full dataset of CVs
recorded is provided along with a MATLAB data reading script
which can be downloaded with the ESI and allows the reader to
visualize the CV response for each pixel (n ¼ 400) in Fig. 6b (see ESI
10 for full instructions).

Response 3 most closely resembles that shown in Fig. 5a. For
those curves which show higher cathodic activity on the forward
reduction sweep (1 and 2), there is a limiting cathodic current and
higher anodic activity on the reverse sweep. Moreover, the larger
the forward cathodic current magnitude, the more negative the
potential of the anodic peak. A detailed analysis of all 400 CVs in
Fig. 6d further highlights this correlation by plotting the onset
potentials for the cathodic and anodic sweep of each curve (defined
as �0.24 nA on the cathodic and þ0.24 nA on the anodic). A linear
line slope ca. 2.5 results, i.e. the less cathodic the process the less
anodic the reverse process (smaller separation), and themore facile
(less resistive) the electrochemical response. Facile electrochem-
istry is attributed to solution ingress into less resistive, more open,
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internal structures, which in turn give rise to larger current mag-
nitudes and a transport-limited steady-state response on the
cathodic scan.

Local capacitance values were estimated from equation (1), at
0.95 V, free from faradaic contributions, from the forward sweep
only, measured immediately upon contacting the electrode surface
with the nanopipette. The exposed geometric electrode area, A,
during individual measurements was estimated to be 6.8 ± 2.0 mm2,
calculated from meniscus residues observed in FE-SEM secondary
electron images (n ¼ 24, ESI 11, Fig. S11b). Extracted capacitance
values were 12 ± 3.6 mF cm�2, two orders of magnitude lower than
the macroscopic measurements previously detailed, and close to
those recorded for a planar CVD BDD electrode (�10 mF cm�2) [35].
Whenmeasuring the capacitance after a 1 s contact, comparedwith
that measured upon immediate contact of droplet to electrode, the
mean value increased approximately fourfold to 56 ± 17 mF cm�2

(ESI 12, Fig. S12). This again supports the idea of significant sub-
strate porosity: on a relatively short time scale solution leaks into
pores, the accessible electrode area increases, and so does the local
capacitance.
3.3. Electrochemical characterization of individual BDD particles

The electrochemical behavior of a single BDD particle was also
investigated. Studies were performed on single BDD particles
(grown using 4.8 wt% AlB2) sealed in insulating epoxy resin with a
{111} surface exposed through gentle abrasion. Fig. 7 shows an FE-
SEM image of the top surface ({111} face) of an alumina polished
single particle electrode, Fig. 8a. The electrode is irregularly shaped,



Fig. 6. (a) EBSD image and (b) map of onset potentials of the SECCM scan area on the 4.8 wt% AlB2 HPHT BDD compact. Onset potential was defined as the potential (E) at �0.24 nA
on the cathodic sweep. Black squares in (b) indicate the locations where the CVs shown in (c) were recorded. The CVs for each pixel in the image are provided in ESI 10. All CVs were
recorded in 10 mM Ru(NH3)6Cl3 and 10 mM KNO3 at 10 V s�1. Arrow indicates initial scan direction. (d) Correlation between the potential at �0.24 nA on the cathodic sweep and the
potential at þ0.24 nA on the anodic sweep of all recorded CVs. (A colour version of this figure can be viewed online.)

Fig. 7. FE-SEM image showing an HPHT BDD particle of a single particle electrode
embedded in insulating epoxy resin. The white outline illustrates exposed alumina
polished as-grown BDD.
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ca. 1.3 � 10�4 cm2 in geometric area, determined using ImageJ [54].
For this electrode, the solvent window of 2.93 V (defined by a

geometric current density of ±2.0 mA cm�2), at 0.1 V s�1, in aerated
0.1 M KNO3, is flat and featureless (Fig. 8b). From the CV scan
(Fig. 8c), a capacitance value of 46 mF cm�2 is determined, using
equation (1). This is likely to be an overestimation as FE-SEM shows
the BDD surface is not featureless and thus the geometric area
underestimates the electrochemically accessible area. No electro-
chemical features associated with sp2 bonded carbon are present
[35]. Fig. 8d shows the CV response for 1mMRu(NH3)63þ/2þ over the
853
scan range 0.005 V s�1 to 0.1 V s�1.
As the scan rate is decreased, the CV changes morphology from

peak-shaped to almost sigmoidal in response, as expected for a
microelectrode of this size: at the higher scan rates linear diffusion
dominates, whilst an increasing radial contribution prevails at
slower scan rates [55]. From the limiting current, ilim ¼ 23.7 nA, an
approximate value for the electrode radius, a, (assuming a disk
geometry and a diffusion coefficient, D, value for Ru(NH3)63þ of
8.8 � 10�6 cm2 s�1) [56] is 69.8 mm, calculated using equation (2):

ilim¼ 4naFDc* (2)

where F is the Faraday constant, n (¼1) is the number of electrons
transferred, and c* is the bulk concentration of Ru(NH3)63þ [55,57].
When the Tome�s criterion of reversibility - which states that for a
reversible charge transfer process the difference in quartile po-
tentials, |E1/4-E3/4|, equals 59 mV for a one electron transfer process
at 298 K - is applied to the CV recorded at the slowest scan rate of
0.005 V s�1 (Fig. 8d red line), a value for |E1/4-E3/4| of 54 mV is
obtained [55,58]. Note that |E1/4-E3/4| is slightly below the Tomes
criterion for reversibility because although the CV reaches a
plateau, themass transport rate is insufficiently high for the process
to be at true steady-state during the course of the scan. For nomi-
nally steady-state techniques, the effect is to make the voltam-
mogram steeper (i.e. smaller |E1/4-E3/4|) as seen here [59]. This
result provides further compelling evidence that these particles are
doped sufficiently to be considered metal-like for electrochemical
applications and contain negligible sp2 bonded carbon.



Fig. 8. (a) Schematic to show the structure of the HPHT BDD SPE. CVs recorded in 0.1 M KNO3 at a scan rate of 0.1 V s�1 at the HPHT BDD SPE (4.8 wt% AlB2 additive showing (b) the
solvent window, (c) a typical capacitance curve and (d) the electrode response in 1 mM Ru(NH3)63þ/2þ and 0.1 M KNO3 at scan rates of 0.1, 0.05, 0.02, and 0.005 V s�1. (A colour
version of this figure can be viewed online.)
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4. Conclusion

Well-defined crystallographic (octahedral with {111} faces
dominant) BDD microparticles (<200 mm in size) containing
negligible sp2 bonded carbon and suitable for electrochemical ap-
plications, were synthesized using HPHT. Boron doping levels were
above those required for metal-like conductivity. Synthesis of these
particles represent an exciting step forward in the large scale, cost-
effective production of electrochemically-viable BDD particles.
Such materials can function as building blocks for both the bottom-
up production of cheaper high surface area BDD-based electrodes
and the top-down production of smaller BDD nanoparticles. The
use of a FeeNi carbide forming catalyst aided in enabling lower
temperatures and pressures than previously reported, ~5.5 GPa and
1200 �C, whilst AlB2 functioned as both a source of B and nitrogen
sequester.

HPHT compaction was shown to be an effective method for
creating macroscopic high surface area, low material resistance,
porous electrode structures from the BDD particles. The porosity
originates from voids between particles and likely sub-micron
fractures with particles, formed during material compaction. CV
analysis proved useful at assessing the impact of electrode porosity
at the macro-level, showing a three orders of magnitude increase in
double layer capacitance compared to a planar non-porous CVD-
grown electrode. Changing the compaction conditions will be one
way to manipulate electrode porosity in the future. We envisage
these HPHT BDD electrodes will be of great interest for applications
where high surface area and porosity are useful attributes, with the
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added benefits of corrosion stability and a large aqueous solvent
window e.g. gas porous electrodes, electrocatalyst or enzyme
support structures, electrochemical supercapacitors, electrosyn-
thesis, electrochemical advanced oxidation, electrochemical disin-
fectant production. It may even be possible to determine
compaction conditions where the BDD porosity is negligible. The
resulting electrode material would then become attractive for
electroanalysis and electron transfer kinetic studies.

SECCMwas employed as a newmethod to detect and fingerprint
electrode porosity at the micro-level. For porosity mapping, the
voltammetric waveshape was shown to be diagnostic of the ingress
of electrolyte solution into the porous electrode and a qualitative
mark of the local pore dimensions. There are further ways in which
SECCM could be developed for porosity mapping in the future,
including measuring capacitance alongside the redox process to
reveal the internal electrode surface area, which would allow more
detailed analysis of the redox process. The use of different vol-
tammetric scan rates or chronoamperometry could also be bene-
ficial in quantifying porosity as a function of solution ingress.
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