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Abstract

In this study complex characterization and comparison of as-grown and chemical-mechanical (CM)
polished ultra-thin (< 500 nm) boron doped diamond (BDD) electrodes with various boron content
(0.58 to 4.4 x 102 cm™, deposited with B/C 500 — 8000 ppm) was performed. Atomic force and
scanning electron microscopy were used to compare morphological changes and confirm the
reduction in roughness down to < 2 nm. High-quality CM polishing enabled electron backscatter
diffraction leading for evaluation of grain size distribution (mean 0.3 um) and preferred grain texture,
{011}. X-ray photoelectron spectroscopy confirmed an increase in the B content on the surface of CM
polished electrodes as result of exposure of boron atoms incorporated into the bulk for highly doped
BDDsgoo and BDDsooo electrodes. Additionally, CM polished BDD electrodes are shown to possess
uniform distribution of conductivity as proved by scanning electrochemical microscopy. This was
reflected in faster heterogenous electron transfer kinetics for inner-sphere redox markers
([Fe(CN)s]*7* and dopamine) and higher values of double layer capacitance in comparison with as-
grown electrodes. These changes were more pronounced for low doped electrodes. Finally, the
improvement in electrochemical characteristics was demonstrated by superior electroanalytical

performance of CM polished BDD electrodes for dopamine detection.

*Andrew Taylor. Tel: +420 266 052 634 E-mail: taylor@fzu.cz



1. Introduction

Boron doped diamond (BDD) electrodes, with sp* hybridized carbon, are a very perspective electrode
material thanks to properties of diamond such as chemical inertness and hardness. The low
capacitance of BDD layers leads to low and stable background currents, and thanks to the high
overpotential of hydrogen and oxygen evolution reactions, they provide a wide potential window,
particularly at positive potentials in aqueous media. All these properties make BDD electrodes a very
useful material for electroanalytical applications [1-4]. Nevertheless, the electrochemical properties
of BDD electrodes are highly influenced by many factors, e.g., boron doping level, sp? carbon
impurities, crystal orientation, grain boundaries, and surface termination (H-, or O-terminated
surface) created by pre-treatment of BDD surfaces. Each of these factors play a significant role in
influencing heterogenous electron transfer (HET) kinetics, in particular for inner-sphere redox
processes [5-9].

Boron concentration influences the conductivity of BDD layers, where the theoretical value for
semiconductive/metallic-like conductivity transition is 2 x 10%° boron atoms cm™[10-13]. The boron
dopant level is also related to the sp? carbon content in BDD layers, as with higher B/C ratio in the
gas phase during chemical vapour deposition (CVD), crystalline quality diminishes and BDD layers
possess higher grain boundary content. An increased sp? carbon/boron content increases the
number of charger carriers in BDD layers, which results in an increase in background current and
therefore shortens potential window [11,14-16]. Further, it leads to acceleration of HET kinetics for
inner-sphere redox systems [6,17—-19]. However, unwanted adsorption of reaction (by)products can
occur due to higher sp? carbon content in highly doped BDD layers, which can cause surface fouling
[20].

Surface termination is another crucial factor determining electrochemical properties of BDD layers.
It can be easily varied by in-situ electrochemical pre-treatment of the surface. Cathodic pre-
treatment in the potential region of hydrogen evolution leads to hydrophobic H-terminated surfaces
possessing limited surface conductivity, while anodic pre-treatment in the region of water
decomposition to hydroxyl radicals leads to O-termination [21,22]. These surfaces, containing -C-OH,
-C=0, -C-0-C- and -COOH groups, are partially negatively charged, thus hydrophilic and their surface
conductivity is minimal [2,23]. Further, they exhibit slow HET kinetics for inner-sphere redox markers
due to the presence of m-electrons in oxygen functional groups [24]. Another way to treat BDD
surfaces is alumina polishing, which is commonly used on other solid electrodes. This procedure
presumably leads to removal of sp? hybridized carbon possessing oxygen functionalities, thus
alumina-polished layers have a lower content of oxygen functionalities as confirmed by X-ray
photoelectron spectroscopy (XPS) [12]. This polishing process was, for a long time, considered as a

process that could damage a surface and create defects which can trap charge carriers, however an



increasing number of analytical studies on polished surfaces confirm its stability, sufficient signal
reproducibility and sensitivity thanks to fast HET kinetics [6,25-27].

While alumina-polishing only affects the sp? hybridized carbon and the attached oxygen
functionalities, it does not change the surface morphology. Chemical-mechanical (CM) polishing,
which is capable of smoothing the diamond crystallites, has been used for polishing of ultra-thin (<
500 nm) polycrystalline [28] and single crystal [29] undoped diamond. Here, an alkaline colloidal silica
is used as a polishing fluid on a polyurethane/polyester pad. Quantum chemical simulations, on {110}
surfaces, proved that strong C-O and C-Si bonds can be formed between silica and carbon atoms,
which chemically activates C-C bonds between terminating carbon zigzag chains and bulk diamond.
As a consequence, C-C bonds are broken, and carbon atoms can be extracted from the diamond
lattice [30], leading to a final RMS surface roughness of < 2nm over large areas.

While CM polishing has been used on ultra-thin BDD layers in the past [31,32] for testing
superconducting properties of BDD, or for thin (ca 2 um) layers of highly doped BDD [9], the surface
properties of BDD layers differing in boron content before and after polishing has not been
investigated in detail. In this work a complex morphologic, spectral, and electrochemical
characterization was performed to assess the effect of CM polishing in comparison with
polycrystalline as-grown BDD electrodes deposited at B/C ratios of 500, 1000, 2000, 4000, 8000 ppm
in the gas phase during chemical vapour deposition (CVD). A wide range of techniques including
Raman spectroscopy, scanning electron (SEM) and atomic force microscopy (AFM), XPS, scanning
electrochemical microscopy (SECM), electron backscatter diffraction (EBSD), electrochemical
impedance spectroscopy (EIS), square wave voltammetry (SWV) and cyclic voltammetry (CV) for
evaluation of heterogenous electrons transfer (HET) kinetics of outer- and inner-sphere redox
markers was used to assess the performance of CM polished BDD electrodes and to contribute to
understanding of the interplay between the boron and sp? carbon content, oxygen content and

morphology and physical and electrochemical properties of BDD.

2. Experimental

2.1, Synthesis of polycrystalline BDD layers

Polycrystalline BDD layers were deposited on 2-inch conductive Si wafers using a 1.5 kW resonance
cavity microwave plasma enhanced CVD system (AX5010 from Seki Diamond Systems) using well
established growth conditions, i.e., 0.5% CH, in H,, gas pressure = 50 mbar, microwave power = 1150
W, substrate temperature ca 750 °C and a growth duration of 5 h to produce layers with thicknesses
< 500 nm. Boron doping was obtained by the addition of trimethylboron in the gas phase to give a
B/C ratio ranging from 500 to 8000 ppm (BDDsgy — BDDgono). Prior to CVD, conductive Si wafer

substrates were cleaned using acetone, isopropyl alcohol, H,S04/H,0; and rinsed in deionized water.



Substrates were then seeded with a nanodiamond dispersion (NanoAmando®B) in water (0.2 g L)
using a spin coater. At each B/C ratio two Si wafers were BDD coated, one was left “as-grown” and
the second was CM polished. CM polishing was carried out using a Logitech Tribo polishing system in
conjunction with a SUBA-X polishing pad and Logitech supplied Syton SF-1 alkaline colloidal silica
polishing slurry containing 15-50 % SiO,, 9.2 - 10.1 pH, 4-5 % ethylene glycol [28]. Samples were
polished until the RMS roughness was reduced to < 2 nm. Samples grown with B/C ratios from 500 to
4000 ppm took 5 to 7 h, whereas the 8000 ppm sample took 2.5 h. An essential cleaning step
followed CM polishing: BDD samples were dipped in HF (54 %) to remove any residual colloidal silica
polishing slurry. Thus, in this study as-grown BDD electrodes and CM polished BDD electrodes after

HF treatment are compared, representing the as-obtained surfaces.

2.2.  Chemicals

Hexaammineruthenium(ll) chloride, dopamine hydrochloride, ferrocene(l) methanol (FcMeOH),
potassium hexachloroiridate(lll) (all Sigma-Aldrich, Germany), potassium hexacyanoferrate(ll)
trihydrate, potassium hexacyanoferrate(lll), potassium chloride, sodium dihydrogen phosphate
dihydrate (all Lach-Ner, Neratovice, Czech Republic), and sodium hydroxide (Penta, Chrudim, Czech
Republic) were of analytical grade and used without any further purification. Deionized water
(Millipore Mili plus Q system, Billerica, USA) with resistivity of not less than 18.2 MQ cm was used to
prepare all aqueous solutions. 0.10 mol L™ phosphate buffer of pH 7.4 was prepared by adjusting
with 0.50 mol L™ NaOH to desired pH value.

2.3. Characterisation techniques

Morphological characterization was investigated by AFM and SEM. AFM measurements were carried
out at room temperature using a Bruker, Dimension Icon system in Peak Force Tapping mode with
ScanAsyst Air tips (Bruker; k=0.4 N m™; nominal tip radius 2 nm). Measured topographies have
512 x 512 points resolution. To obtain roughness data areas of 1x1 um? and 5x5 pum? were
analysed. SEM was carried out using a TESCAN FERA3 GM with Schottky field emission cathode.
Several morphological examinations before and after polishing were performed at an acceleration
voltage of 5kV (secondary electron imaging), whereas microstructural crystallographic orientation
mapping was performed at an acceleration voltage of 10 kV using an electron backscatter diffraction
(EBSD) detector. Data was obtained using a EDAX DigiViewV EBSD camera and EDAX APEX
acquisition software, and subsequently processed with EDAX OIM Analysis 8 software containing a
Neighbour Pattern Averaging & Reindexing (NPAR) tool.

Surface and bulk chemical analysis was carried out using Raman spectroscopy and XPS. Raman

spectroscopy was carried out at room temperature using a Renishaw InVia Raman Microscope at



488 nm and with a laser power of 6 mW. For determination of boron concentration, [B] , the fitting

tool at http://ofm.fzu.cz/raman-tool, which analyses characteristic Raman peaks at ca 1200 cm™ and

1330 cm™ attributed, respectively, to the Fano-shaped maximum of phonon density of states and
zone-centre phonon line of heavily boron doped diamond, was used over the range of 1100 to
1500 cm™. Values for sp*/sp? were obtained from fitting of Raman spectra, over the 1000-1700 cm™
range, to obtain curve/peak integrated area values using Renishaw WiRe 3.2 software. Values were
then used according to [33] to give a layer quality factor fq indicating sp3/sp?. XPS was carried out on
a NanoESCA microscope (Omicron) using monochromatized Al Ka radiation (hv = 1486.7 eV). Peak
deconvolution was made by KolXPD software with Voigt peaks on Shirley background. Overall
instrumental resolution was 0.5 eV. XPS spectra of CM polished BDD were measured after HF
treatment, while as-grown BDD measurements followed MW PECVD H plasma treatment to assure
H-termination of the surface.

SECM measurements were carried out with a 920C system from CH Instruments (Austin/TX, USA).
The instrument was positioned on a dampening plate in a custom-made Faraday cage. The
laboratory-constructed electrochemical cell was made from polytetrafluoroethylene. A three-
electrode setup was applied consisting of the SECM probe (as the working electrode),
a Ag/AgCl/3 mol L™t KCI reference electrode (CH Instruments, Austin/TX, USA), and a platinum wire as
the counter electrode. Platinum disk electrodes with electrode diameters of 12.5 and 25 pum and an
RG value (defined as the ratio of the total tip radius and the radius of the active microdisk electrode)
of > 10 were used as SECM probes. BDD samples were mounted on the bottom of the
electrochemical cell and the cell was levelled prior to imaging experiments. Measurements were
conducted in 5 mL of a mediator solution (1.5 mmolL™? of the respective mediator) with
1 mol L' KNO; as a supporting electrolyte. Solutions were not deaerated prior measurements.
FcMeOH, ferrocyanide, ferricyanide, and hexaammineruthenium(lll) were used as redox mediators.
Probe approach curves (PACs) were measured at a fixed probe potential corresponding to the
respective mediator: +0.3 V FcMeOH, +0.5 V for ferricyanide, +0.1 V for ferrocyanide, and -0.2 V for
hexaammineruthenium(lll). The maximum approach speed was 2.5 pm s™* and quiet time was 15 s.
Imaging experiments were conducted with the same fixed probe potentials, probe scan rate was 200
um s~%, and quiet time was 15 s. Areas covered in the images had a size of 500 x 500 pm? with a step
size of 5 um and were recorded in constant-height mode, corresponding to feedback currents of
either 150 or 200 % relative to the steady-state current in the bulk solution. Determination of k%,
values from SECM data was conducted according to the method reported by Wei et al. [34]. Several
PACs per sample were conducted. Fitting of PACs with theoretical curves yields a k%, value per
approached spot. The diffusion coefficient used for [Ru(NHz)s]**/?* was 5.5 x 10° cm? s [35]. PAC

parameters were: probe potential -0.3 V, quiet time 15 s, maximum approach speed 0.5 pm s,
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For CV and SWV measurements a three-electrode setup was used consisting of an
Ag/AgCl/3 mol L'1KCI reference electrode and a platinum wire as an auxiliary electrode (both
Elektrochemické detektory, Turnov, Czech Republic). The working electrode was constructed by
Si wafers coated with the BDD layer placed in a Teflon electrode body with rubber sealing. The
exposed geometrical area of the electrode was 2.01 mm?.

CV measurements were performed using an Eco-Tribo polarograph with PolarPro 5.1 software (Eco-
Trend Plus, Czech Republic). SWV experiments were carried out using a Palm-Sens potentiostat with
PSTrace 5.8 software (PalmSens BV, Houten, The Netherlands) using optimized parameters
(amplitude A, frequency f, potential step AE;) for (i) as-grown BDDsgo: A = 60 mV, f =20 Hz, AE;= 8
mV, (ii) as-grown BDDaggo: A =50 mV, f = 10 Hz, AEs= 4 mV, (iii) CM polished BDDsgo: A = 120 mV, f =
10 Hz, AEs=8 mV, and (iv) CM polished BDD4ogo: A =220 mV, f = 20 Hz, AE;= 3 mV. EIS measurements
were carried out using Autolab PGSTAT101 potentiostat with Nova 2.1 software (Metrohm Autolab
B.V., Utrecht, The Netherlands). Impedance spectra were recorded in 1 mol L™ KCI at a potential 0V,
amplitude 10 mV and within the frequency range from 100 kHz to 0.1 Hz. Data were fitted by the
equivalent circuit (depicted in Fig. S10a) containing constant phase element (CPE) and the
parameters N and Y, were evaluated. To normalize the Y° values the real surface areas Ay calculated
from AFM measurement were used. EIS data in 1 mol L™* KCl in the presence of 1 mmol L™ [Fe(CN)]*~
/% were measured at the potential £=+0.25V and were evaluated using the equivalent circuit
depicted in Fig. S11a). Obtained CPE values only in 1 mol L™* KCI worked as the reference values
during the fitting in the presence of the Immol L™ [Fe(CN)s]*7* redox system.

Concentration dependencies for dopamine were constructed from the average of five replicate
measurements for each concentration on each BDD electrode.

The apparent heterogenous electron transfer rate constant k%, was calculated by the Nicholson
method [36], based on the difference in potential of the anodic and cathodic peaks AE, of redox

species according to Equation (1),
KSpp = WIer1 72 (1)
where { is a dimensionless parameter obtained from the logarithmic dependence of { on AE,
evaluated from CVs [36], Do is the diffusion coefficient, n is the number of electrons, F is the Faraday
constant (C mol™), u the scan rate (V s™), R is the gas constant (J K'* mol™?), T is the temperature (K),
and the value of rtis 3.14. Further, k%, values were calculated from Tafel plots using Equation (2),
i® = NF Areqikdppe (2)
where i is the exchange current obtained from Tafel plots (A), n is number of electrons, F is Faraday

constant (C mol™), Al is the real exposed BDD area (cm?), k%p, is kinetic constant (cm s™), ¢ is

concentration (mol cm™).



The following diffusion coefficients were used for particular redox markers: 7.6 x 10° cm?s™ for

[Fe(CN)6]>7* [37], 5.5 x 107° cm? s7* for [Ru(NH3)e]**/?* [35] and 8.3 x 10 cm?s™* for [IrCls]>73>7[38].
Limits of detection (LOD) for SWV determination of dopamine were calculated as threefold of the
standard deviation s of the peak currents (n = 7) of the lowest measurable concentration divided by

the slope of corresponding concentration dependence.

3. Results and Discussion

3.1. Nano-structural characterisation of BDD electrodes

AFM and SEM were used to obtain the micrographs of each as-grown and CM polished BDD
electrode. Fig. 1 displays micrographs for BDDsoo, BDD1ooo, BDD20go, BDDagoo and BDDsgogo electrodes.
The images for as-grown electrodes typically show a well-defined crystalline structure with well-
defined facets up to a B/C ratio of 4000 ppm. At 8000 ppm the crystalline quality and grain size is
diminished with a high grain boundary content. It is a well-known phenomenon that the grain size
decreases as the boron concentration is increased beyond saturation [39]. This figure clearly
highlights the change in morphology following CM polishing of the BDD layers. After the polishing the
layer exhibits not only a smooth surface, but also a well-defined grain boundary content. SEM
micrographs clearly show that following CM polishing, BDD grains contain numerous growth twins.
Cross-sectional SEM images (see Fig. S1) show that only the minimum of material was removed
during the CM polishing step. AFM RMS roughness measurements confirm that the roughness
following CM polishing is dramatically reduced, see Tab. 1. In all cases, except one, the roughness is
at or below 2 nm. The RMS roughness value for BDD1oqgo is affected by holes in the layer, leading to an
increase in measured roughness. These holes are most likely related to remnants of the original
surface roughness. When investigated over a smaller area (1 um x 1 um) the RMS roughness for
BDD1goo Was found to be also <2 nm. The reduced RMS roughness of the as-grown BDDggoo Sample
was reflected by the reduced CM polishing time, i.e., less material was needed to be removed to

reduce the RMS roughness to < 2 nm.



Tab. 1. RMS roughness and real surface area vales from AFM (5 um x 5 um) measurements of as-

grown (AG) and CM polished (CMP) BDD electrodes.

Height Sensor

Sample AFM — RMS Surface area Areal (cm?)
roughness (hm)  difference (%)
AG CMP AG CmP AG CMP
BDDsoo 25 1.3 17.1 0.0291 0.0235 0.0201
BDD1ooo 32 6.2 19.2 1.18 0.0240 0.0203
BDD2g0o 32 1.5 18.1 0.0507 0.0237 0.0201
BDDagoo 54 2.2 37.7 0.199 0.0277 0.0201
BDDsooo 15 0.6 17.5 0.0561 0.0236 0.0201
As-grown CM polished
SEM SEM
105.8 nm 6.4 nm
g
[a)]
o)
s}
-99.7 nm -17.0 nm
Height Sensor
115.9 nm 11.1 nm
8
a
[a)]
s}
-104.3 nm -39.9 nm
109.7 nm 6.8 nm
8
a
[a)]
s}
-92.0 nm -82nm




BDDaooo

BDDgooo

¥ 46.0nm

Fig. 1. AFM and SEM micrographs of as-grown and CM polished BDDsgo, BDD1000, BDD200o, BDD4ogo and

BDDggoo electrodes.

Orientation mapping using EBSD was carried out on the CM polished BDD3goo sample. The high-
quality CM polishing and signal collection conditions enabled the acquisition of Kikuchi patterns on
ultra-thin BDD layers, we believe, for the first reported time, however their acquisition remains
complicated on diamond samples. Therefore, the conventional approach for this method was
modified for such material. An example of a Kikuchi pattern can be seen in Fig. 2a) and an orientation
map of the surface in Fig. 2b). After data processing using available tools (NPAR, pattern contrast
improvement and indexation filtering) there is a visible equiaxed microstructure with a Gaussian
grain size distribution, Fig. 2c). The grain size was measured to be 0.3 + 0.1 um. Grain orientations
are not distributed randomly, but instead a strong texture is present with the strongest component

having {011} along with a contribution from {111}, Fig. 2d).
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3.2. Spectral characterisation of BDD electrodes

Raman spectroscopy is a useful tool for estimating the composition of BDD layers. It is capable of
evaluating the boron doping level, which is incorporated in the layers, as well as the presence of non-
diamond carbon. Fig. S2 shows typical Raman spectrum for low to high boron containing electrodes
with boron related bands at ca 480 cm™ and 1200 cm™, and a red shifted (from ca 1330 cm™ down
to ca 1282 cm™) Fano shaped diamond Raman line. The contribution from non-diamond phase bands
at 1520 cm™ can be seen to be rather constant with B/C ratios up to 2000 ppm, at 4000 and
8000 ppm this contribution increases. In addition, peaks related to the Si substrate are visible at
520 cm™ and 950 cm™. The diamond red shift is increasing with higher boron doping levels and is
associated with phonon confinement effect caused by the high concentration of boron defects and
negative asymmetric coefficient with the Fano effect. The determined [B] concentration was
established to be from 0.58 x 10 cm™ for BDDsy electrodes up to 4.4 x 10°cm™ for BDDgooo
electrodes [40,41], for exact values of as-grown and CM polished BDD see Tab. S1. All values are
above the theoretical threshold of [B] = 2 x 10%° cm™ for metallic-like conductivity [11]. After CM
polishing the Raman spectra remained the same without any significant change (see Fig. S2).

XPS was carried out on all as-grown and CM polished BDD electrodes, obtained O 1s, C 1s and B 1s
spectra are depicted in Fig. 3. They show the elementary content to be 98.9 - 95.7 %, 0.23 —4.79 %
and 0.7 - 1.9 %, respectively in as-grown samples. After CM polishing, a rise in oxygen content, 4.4 —
6.3 %, is observed, as summarized in Tab. 2. This can be expected following the strong oxidizing
hydrofluoric acid cleaning step, applied to remove any residual silica slurry used for CM polishing,
and may also support the proposed mechanism of polishing in [28], which suggests that due to wet
oxidation of the surface during CM polishing, the amount of carbonyl and hydroxyl groups increases
on the surface. In the samples with the highest B doping, the content of B rose by 0.3 — 1 % of the
total. Figs. S3a-c) show, as an example, detailed fitting of O 1s, C 1s and B 1s spectra for the BDD2o00
electrodes as-grown and after CM polishing. Fitting of the O 1s spectra for both electrodes provide
two components. Peak I. can be assigned to C-O and the peak Il. is likely related to COOH functional
groups [42]. C 1s spectra show several peaks. Peak |. corresponds probably to B4C or BsC. Peaks Il
and lll. are difficult to separate especially on CM polished electrodes, but these peaks can be
attributed to sp? or sp® carbon C-C bonds and peak IV. to sp® C-H bonds [43]. Peak V. correlates with
C-O. The final visible peak VI. occurring only on CM polished electrodes is related to COOH functional
groups [12,44,45]. Following CM polishing C 1s spectra shows an overall increase in sp?/sp> carbon
content. This may be caused by introduction of C=0 functional groups on the surface layer. B 1s
spectra shows three peaks where peak |. may correspond to boron clusters, and peaks Il. and IIl.
correlate with B-C and B-H bonds respectively. The increase in [B] content of the highest doped

electrodes after CM polishing could contribute to the explanation of the improved electrochemical



performance and overall conductivity, as demonstrated below. An explanation for this could be a
“shut-down” effect, where diamond deposition continues during the switch off procedure following
CVD, i.e., reduction in microwave power and gas flows, leading to a surface with lower [B], which
after CM polishing reverts to the bulk [B] content. Overall, it can be said that CM polished electrodes
have a higher surface quality (lower inelastic background in spectra and higher and narrower peaks
comparing to the as-grown electrode) in comparison to the as-grown electrodes.

The evaluation of data obtained from Raman and XPS measurements enables further estimation of
[B] values and a rough evaluation of sp? carbon content. The values obtained using both methods are
listed in Tab. S1. [B] bulk (Raman) and surface (XPS) values match quite well, with the same trend,
i.e., [B] increases with B/C as obvious from Fig. S4a). Bulk [B] values are consistent for as-grown and
CM polished electrodes. The same can be said for surface [B] values at low B/C, whereas at higher
B/C (4000 and 8000 ppm) there is a clear increase in [B] following CM polishing, due to the
mentioned “shut-down” effect.

The qualitative value of bulk sp3/sp? from Raman is indicated by layer quality factor fg. The
contribution from non-diamond carbon at 1520 cm™ can be seen to be rather constant in as-grown
and CM polished electrodes with B/C ratios up to 2000 ppm (fg = 96), at 4000 and 8000 ppm this
contribution increases (fg < 93) as seen in Fig. S4b). For XPS, to give a qualitative value for surface
sp3/sp? fitting was attempted on the C 1s spectrum. However, fitted peaks, II. (sp?) + lll. & IV. (sp3),
are not fully resolved leading to highly speculative values, from which no clear trend appears, see Fig.
S4b). If peak I. at ~ 283 eV, is assumed to be sp? related, as in [46] or at least partly related, then a
trend can be found, i.e., that sp? content increases with B/C, see Fig. S4c) This agrees with Raman
data, i.e., decrease in sp3/sp? with increasing B/C, and SEM observations, i.e., reduction in grain size
and hence larger grain boundary content, especially when B/C = 8000 ppm. However, as further
discussed in the Section 3.4, no sp? related features are visible from an electrochemical point of view,

therefore it is not clear how relevant or reliable these findings are.



Tab. 2. Values for C, B and O as measured by XPS of as-grown (AG) and CM polished (CMP) BDD
electrodes.

Sample C (%) B-C B (%) 0 1s (%)

contribution to C (%)

AG CMP AG CMP AG CMP AG CMP
BDDsgo  97.9 95.4 0.23 0.22 0.25 0.19 1.9 4.4
BDDigoo 98.9 94.4 0.56 0.55 0.41 0.33 0.7 53
BDD2goo  97.7 93.7 1.14 1.01 0.67 0.66 1.6 5.7
BDDa4goo  96.3 91.8 3.57 4.14 241 2.68 1.3 5.6
BDDgooo  95.7 90.0 4.79 5.25 2.71 3.69 1.6 6.3
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Fig. 3.a) O 1s, b) C 1s and c) B 1s XPS spectra of all investigated electrodes, in the order from top to
bottom: As grown BDDso+to 8000 and CM polished BDDsgo to 8000

3.3. Scanning electrochemical microscopy

Feedback mode in SECM was utilised to investigate the electrochemical surface activity of BDD
electrodes on the microscale. These measurements were performed in 1 mol L™ KNOs at substrate
potentials where surface interaction of the NO3™ ions with C-H on the surface [47] of BDD presumably
do not influence the electrochemical activity. The topographical influence on the SECM signal could
be ruled out, as AFM measurements confirmed that the surface roughness were on the nm scale.
Therefore, SECM measurements were performed in constant-height mode. At first, four commonly

used redox mediators were evaluated for their suitability. Fig. S5 shows SECM images of the same



area on the as-grown BDDa4ooo sample recorded in different mediator solutions. By using outer-sphere
redox mediators (FcMeOH and hexaammineruthenium(lll)), surface details could be resolved well,
while use of inner-sphere redox mediators (ferri- and ferrocyanide) resulted in rather poor image
quality. The same experiments were also conducted on the CM polished BDD4ogo electrode, here the
image quality recorded with the outer-sphere mediators was comparable to the ones with the inner-
sphere mediators. Further comparison of the two sets of BDD electrodes was carried out with
FcMeOH, since it resulted in the overall highest image quality. In Fig. 4, typical PACs toward the as-
grown BDDsooo electrode and a SECM image are shown. During the approach toward the surface,
positive as well as mixed feedback was observed. The red PAC in Fig.4 a) shows a PAC with positive
feedback, typical for a conductive surface. In contrast, the blue PAC indicates an initial slight increase
in the current when approaching the sample surface followed by a sharp current decrease near the
BDD surface, resulting in negative feedback, typical for an insulating surface. This behaviour was
found solely on as-grown electrodes and not on CM polished electrodes. In Fig. 4 b) the
corresponding destinations of the PACs are highlighted in red and blue.
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Fig. 4. a) PACs toward the surface of the as-grown BDDsooo electrode. Positive (red line) as well as
mixed feedback (blue line) was observed during the approach. b) SECM image of the as-grown
BDDS8000 electrode with the corresponding positions for the PACs in a). Measurements were
conducted in 1.5 mmol L™ FcMeOH in 1 mol L™ KNOs, electrode diameter = 25 um. Probe potential
+0.3 V, quiet time was 15 s. Feedback current of 150% relative to the current in the bulk solution.
Arrows and points in red and blue indicate the approach positions corresponding to the feedback

behaviour shown in 4 a).

In Fig. 5, SECM images of the surface of as-grown and CM polished BDDsgo, BDD20oo, and BDDsooo
electrodes are shown in uniform normalized current scale. The surface activity of as-grown BDD was
shown to be heterogeneously distributed, exhibiting spots of high electrochemical activity, mixed

with spots of insulating properties. As expected, with increasing boron doping, the number of



conductive spots increased. CM polishing was found to lead to a much more uniform distribution of
surface activity, especially at high boron doping. It is known that boron atoms are uniformly
distributed in depth of BDD layers regardless of boron concentration, as confirmed by secondary ion
mass spectrometry and elastic recoil detection [43-45]. The exposure of uniformly distributed bulk
boron atoms on the surface of CM polished electrodes is thus reflected in uniformity of their
conductivity. However, still the CM polished samples were shown to have some variation in this

electrochemical activity as is obvious from Fig. S6, which shows SECM images with a narrower

current scale.
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Fig. 5. SECM images of as-grown and CM polished BDD electrodes: a) as-grown BDDsg, b) CM
polished BDDsgo, c) as-grown BDDzgoo, d) CM polished BDD,ogo, €) as-grown BDDgoo, f) CM polished



BDDsggoo. Measurements were conducted in a 1.5 mmol L FcMeOH in 1 mol L™ KNOs, electrode
diameter = 25 um. Probe potential +0.3 V, quiet time was 15 s. Imaging was done at a constant
height corresponding to a feedback current of 150% relative to the current in the bulk solution.

Current scale was normalized to the bulk current signal.

The range of k%, values further characterizing electrochemical surface activity was calculated from
seven individual PACs towards different positions on the BDDaooo electrodes. For as-grown BDD, k%,
values ranging from 0.113 up to 0.313 c¢cm s™! were calculated, while for CM polished BDDaooo
electrode the values yielded a range from 0.280 to 0.382 cm s™*. Overall, the CM polished sample
seems to have a higher electrochemical activity, as well as a more homogeneous distribution shown
by a narrower range of k%, values. Homogeneity is also expressed by the lower variance of k%

values for CM polished in comparison with as-grown BDD.

3.4. Electrochemical characterization of BDD electrodes

Electrochemical characterization of as-grown BDD and CM polished BDD electrodes (BDDsoo —
BDDgooo) was performed to evaluate the effect of surface smoothing on HET kinetics and capacitance
obtained from EIS measurements. CV measurements in 1 mol L™ KCl in the presence of outer-
([IrCls]*”3> and [Ru(NHz)e]**/?*) and inner-sphere ([Fe(CN)s]>*”*, dopamine/dopamine-o-quinone)
redox markers were performed for this purpose. The surface of the electrodes was kept in the as-
grown and as-polished states (after HF treatment to remove residual silica used for CM polishing) by
avoiding potentials leading to water electrolysis and thus surface oxidation/reduction. Re-
hydrogenation of the CM polished surface was not attempted, as the stability of H-termination
obtained using cathodic polarization or H-plasma treatment and their effectiveness for CM polished
BDD has not been studied yet and thus is questionable especially in long-term studies, therefore here
we focus on the as-obtained surfaces.

The reversibility of the redox reactions for inner/outer-sphere redox probes was examined based on
the values of peak potentials difference of anodic and cathodic peak (AE,) and lpa/lpc ratio of peak
currents of anodic/cathodic signal. AE, values are summarized in Tab. 3, /pa/loc values are listed only
for dopamine/dopamine-o-quinone (see Tab. 4) because for other markers they were close to 1.0.
Further, values of apparent heterogeneous electron transfer rate constant k%, calculated by the
Nicholson method from AE, values [36] for all tested inorganic redox markers were estimated and
are reported in Tab. 3.

Fig. 6 represents an example of CV measurements of outer-sphere ([Ru(NHz)s]**/?*) and inner-sphere

([Fe(CN)e]>*7*) probe in 1 mol L™* KCI on all as-grown and CM polished BDD electrodes at a scan rate



of 0.1 V s™%. For outer-sphere redox markers reversible or nearly reversible behaviour was observed
on all electrodes independent of boron doping level and surface morphology, characterized by AE,
values ranging from 60 mV to 71 mV for [Ru(NHs)s]**/?* (CVs in Fig. 6 a), b)) and from 55 mV to 66 mV
for [IrClg]*”>. For both markers, CM polishing led to unification of AE, values (difference in AE,only 5
mV among the individual electrodes differing in boron doping level). k%, values reflect the minimal
differences in AE, and lay within one order of magnitude from 0.201 cm s™* to 0.019 cm s for both
as-grown and CM polished BDD electrodes.

Obviously, the HET kinetics for outer-sphere redox markers on as-grown and CM polished surface is
neither influenced by boron doping level nor on surface morphology and is determined by the
electron transfer from the solution species to electrode. This transfer is not hindered by the chemical
species terminating the BDD surface, i.e., a slightly higher content of oxygenous groups as shown by
XPS measurements. Similar insensitivity was reported in our previous study on as-grown surfaces for
BDD layers differing in boron content [48] or deposited in various MW PECVD systems [49]. This
confirms sufficient conductivity even for lower doped BDD electrodes thanks to the dominant H-
terminated surface and relative low oxygen content, slightly increased after CM polishing. Increased
AE, values differing from 59 mV for [Ru(NHs)s]**/** redox probe were reported for O-terminated
surfaces and low boron content in BDD layers deaccelerating HET kinetics [14,16]. Values lower than
59 mV were attributed to increased sp? carbon content with attached oxygen functionalities bearing
partially negative charge thus supporting adsorption of the positively charged [Ru(NHs)s]**/?* redox
marker recognized in porous BDD layers [44] or the effect of thin layer diffusion know from other
carbon porous materials [50-52].

However, the changes in HET kinetics due to CM polishing procedure are clearly visible using surface-

sensitive inner-sphere redox marker [Fe(CN)g]*>7*~

. While AE, values for as-grown BDD electrodes
range from 429 mV to 228 mV, CM polished BDD electrodes display substantially lower values
ranging from 100 mV to 75 mV (CVs in Fig. 6 c), d)) and characteristics in Tab. 3. Fig. S7b) represent
the expected decline in AE, values with increasing [B] estimated from Raman. In general, AE, values
for [Fe(CN)s]>”* on BDD electrodes increase with increasing oxygen content (due to interaction of
the redox marker with m electrons present in oxygenous groups [53]) and decreasing boron content
[11,12,48,54]. For the as-grown BDD electrodes, higher values of AE, for [Fe(CN)s]*’*~on the lower
doped layers indicate a limited number of charge carriers, i.e., boron-rich sites eventually blocked by
the presence of oxygenous groups. Clearly CM polishing leads to dramatic acceleration of HET
kinetics, which is more pronounced for low doped BDD electrodes. This might be due to the uniform
distribution of boron atoms recognized by uniform electrochemical activity in SECM for BDDsgo —

BDD,ooo electrodes together with a relative increase in boron concentration on the surface after CM

polishing for BDDagoo and BDDsggoo, as seen in XPS measurements. The increase in HET kinetics is



characterized by k%, values from 0.005 cm? s™! (500 ppm) to 0.019 cm? s (8000 ppm) on CM
polished surfaces. k%, values for [Fe(CN)s]>*7* were further evaluated from Tafel plots (depicted in
Fig. S8, k%pp values listed in Tab. 3) for all as-grown and CM polished BDD electrodes. All evaluated
kinetic and thermodynamic parameters are listed in Tab. S2. E° values are ~ +0.273 V for all studied
BDD films. Tafel slopes varied around 118 mV per decade for as-grown BDD films, which correlates
with a 1le™ process. For CM polished BDD electrodes they range from 105 — 152 mV per decade. This
can be explained by accelerated HET kinetics on the CM polished BDD electrodes in comparison with
as-grown ones and therefore complicated and inaccurate evaluation of Tafel slopes. The values of
transfer coefficient a and 8 are around 0.5 which indicates the symmetry of kinetics of the
oxidation/reduction reaction. Evaluation of Tafel slopes enables calculation of k%, values for all as-
grown BDD electrodes even for those with lower boron doping levels (500, 1000 and 2000 ppm), not
assessed by Nicholson method. For as-grown BDD films, k%p, values vary from 0.00044 to
0.00163 cm s7* for BDDsgo to BDDsooo, i.€., roughly increase with increasing boron doping level and are
comparable with the values of k%, calculated by the Nicholson method for BDDagoo and BDDgooo. The
values calculated for CM polished electrodes are in general higher, about 0.006 cm s™* for BDDsg and
BDD1ooo, i.e., comparable with values calculated by Nicholson method. For CM polished electrodes
with higher doping level, they increase to 0.0075 cm s documenting faster HET kinetics, however
these values are lower than that estimated by Nicholson, which can be caused by complicated Tafel
slope evaluation as mentioned above. The last method used for calculation of k%, is based on
evaluation of PAC curves obtained from SECM measurements. When we compare k%, values
obtained from SECM using [Ru(NH3)s]3*/?* as redox probe (see Section 3.3) with k%, values obtained
from CV measurements for BDDagoo electrodes using outer and inner sphere probes the same trend
can be seen, i.e. higher k%, values on CM polished in comparison with as-grown BDD surfaces. The
absolute k%, values evaluated from SECM also show a lower variance for CM polished BDD

electrodes confirming lower heterogeneity in electrochemical activity of the surface.
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Tab. 3 Calculated AE, and k%, values for inorganic redox markers, Y° and N values of CPE estimated by EIS in 1 mol L™ KCl at 0 V and R estimated by EIS in

1 mmol L™ [Fe(CN)s)>7*-at +0.25 V on as-grown (AG) and CM polished (CMP) BDDso — BDDgooo electrodes.

Cyclic voltammetry Electrochemical impedance spectroscopy
Marker — [Ir(Clg)]*7*" [Ru(NHs)s]**/2* [Fe(CN)s]*7* 1 mol L™ KCl Immol L™ [Fe(CN)e]*7*
AG CMP AG CMP AG CMP AG CMP AG CMP
Sample  AE, (mV) byo N byo N Ret (kQ) Ret (kQ)
BDDsoo 66 55 71 65 429 100 4.50 0.977 12.0 0.973 278 3.17
BDD100o 57 55 63 60 270 100 5.01 0.955 271 0.894 52.7 2.7
BDD2ooo 60 60 63 60 297 85 8.05 0.937 17.1 0.963 38.7 1.56
BDD4ooo 63 60 63 60 225 75 14.7 0.936 37.2 0.923 14.7 0.579
BDDsooo 66 55 69 60 228 75 13.2 0.907 40.8 0.923 149 0.45
kpp (cm s71) Nicholson method Tafel plots for  [Fe(CN)e)*7*
BDDsgo 0.040 0.201 0.019 0.041 - 0.005 0.00046 0.00634
BDD1000 0.201 0.201 0.057 0.164 - 0.005 0.00137 0.00534
BDD2qg0o 0.201 0.201 0.057 0.164 -~ 0.010 0.00107 0.00679
BDDaooo 0.071 0.201 0.057 0.164 0.001 0.019 0.00098 0.00710
BDDzgaoo 0.040 0.201 0.022 0.164 0.001 0.019 0.00163 0.00728

2 For AE, values above 212 mV the dimensionless parameter ¢ isn’t defined thus k%, couldn’t be calculated.

® The units of Y° values are uMho s™*cm™

The impedance of the CPE is provided by: Z, = YoUa)"
(0]



Both methods for evaluation of HET kinetics witness its acceleration for surface sensitive [Fe(CN)¢]*7*
due to CM polishing. Clearly, the slight increase in oxygenous groups on CM polished electrodes is
not the main factor influencing HET kinetics. The same is valid for the content of non-diamond phase,
as shown in Fig. S7a) depicting the dependence of AE, values for redox markers on sp3/sp? evaluated
from Raman measurements. Only minor differences in AE, values can be recognized for outer sphere
markers and [Fe(CN)s]>*7*". Clearly CM polished electrodes benefit from the reduction in surface
roughness leading to uniform surface conductivity and the other factors (presence of oxygenous
groups on the surface, sp? carbon content, boron doping level) have minor effect when considering
electrochemical behaviour of these redox markers.

Additionally, EIS measurements were performed in 0.1 mol L™ KCl at 0 V to evaluate the effect of
boron content and CM polishing on capacitance values. Nyquist plots in the frequency range from
100 000 Hz to 0.1 Hz in 1 M KCI are shown in Fig. S9 (with a detail for 100 kHz to 10 Hz in Fig. S10).
Data were fitted by the equivalent circuit containing constant phase element (CPE) which is depicted
in Fig. S10a). The obtained values of parameter Y, (characterizing capacitance of the double layer)
and N parameter (characterizing the extent of difference in roughness of the surface) are listed in
Tab. 3. Yo values increase with increasing boron content reaching values from 4500 nMho s*cm™to
13000 nMho s *cm™ for as-grown BDDsgo to BDDgogo films and from 12000 nMho s™cm™ to 40000
nMho s*cm™ for CM polished BDDsgo to BDDgooo films, respecting the increasing number of charge
transfer carriers with increasing boron doping level known from other EIS studies on BDD electrodes
[48,49,55]. Much higher Y° values are observed on the CM polished in comparison with as-grown
BDD due to the contribution of a higher number of boron-rich places in BDD films and the uniformity
of surface morphology after CM polishing. The increased Y° value for CM polished BDD1ooo electrode
documents the presence of residual structure features (Tab. 3) in comparison with another CM
polished BDD electrodes. The N values are getting smaller with increasing boron content in the BDD
electrodes. This trend is nicely seen in the Fig. S10 of the EIS measurements of KCl where with
smaller N values the fitted curve is getting closer to the x axis which indicates increasing deviation
from the ideal capacitance.

Nyquist plots obtained from EIS measurements of 1 mmol L™ [Fe(CN)s]*”* in 1 mol L™* KCl at a
potential of +£ =0.25 V are depicted in Fig. S11. The R« values obtained from fitted circuit (inset in
Fig. S11a) are listed in Tab. 3. Obviously, they match with data obtained from cyclic voltammetry.
With higher boron content the redox process on BDD electrodes runs easier with regards to the Re
and, obviously, the charge transfer resistances are much lower on the CM polished BDD electrodes in
comparison with as-grown BDD electrodes. Again, EIS results demonstrate the superiority of surfaces

treated by chem-mechanical polishing in comparison with those without it.



A thorough comparison with as-grown and CM polished electrodes studied in this work with other
BDD electrodes can be performed based on the overview of electrochemical parameters in Tab. S3.
BDD electrodes with metallic-type conductivity (i.e., [B] > 2 x 10?° cm™ [11]) exhibit in general lower
AE, values for [Ru(NHs)s]**/2* than for [Fe(CN)s]*/*~ in concordance with our study and with the outer
sphere character of the former redox probe. The other trend which can be seen are higher AE, values
for [Fe(CN)6])*’* on O-terminated in comparison with H-terminated surface. However, the extent of
hydrogenation/oxidation of the surface is usually not supported by XPS or other data and only the
method used for surface treatment is described, which makes comparison of AE, values problematic.
AE, values for [Fe(CN)s]>*" obtained in our study on CM polished electrodes in the range from 75 mV
to 100 mV are close to 65 mV obtained for BDD alumina polished surface with [B] = 1.9 x 10 cm™3
[12] or 114 mV for frequently used commercial BDD electrode (B/C 1000 ppm, formerly Windsor
Scientific (UK), now Biologic SAS (France)) [26]. Cq values estimated for various BDD electrodes in
Tab. S3 can be compared with Yy values characterizing the capacitance obtained in our study. Values
of Ca< 17.3 pF cm™ characterize the capacitance of BDD electrodes overviewed in Tab. S3, and are
comparable with Y, values for the as-grown set. Higher values of Y, for CM polished samples are
presumably caused by uniform conductivity of the surface due to smoothing of the surface following

CM polishing. Values are close to those obtained on uniform sp? carbon surfaces.

3.5. Electrochemical study of dopamine

To further probe and compare the electrochemical performance of as-grown and CM polished BDD
electrodes, voltammetric experiments were performed with a more complex organic redox couple
structure, dopamine/dopamine-o-quinone, in 0.1 mol L™ phosphate buffer pH 7.4. Dopamine was
selected as its redox reaction is well-defined (in pH ~ 7 involves exchange of 2 H" and 2 e [56];
dopamine is positively charged at this pH (pK, = 8.93) [57]. It proceeds through inner-sphere electron
transfer, which makes dopamine very sensitive to the surface and electronic characteristics of the
BDD electrodes. This sensitivity can be clearly recognized by differences of AE, values due to changes
of HET kinetics for the quasireversible dopamine redox system, being dependent on surface

termination [20,49,58—60], sp? carbon impurities [20,61], and boron content [48].

3.5.1 Cyclic voltammetry

Cyclic voltammograms recorded in dopamine solution (1 mmol L) in the potential range from -0.5 V
to +1.5V on all studied electrodes are depicted in Fig. 7 and valuable parameters extracted from
these measurements are summarized in Tab. 4.

On as-grown BDD electrodes, a trend in the shift of the anodic peak potential (Epa), corresponding to

dopamine oxidation, toward lower potential values with increasing boron doping can be clearly



identified (Fig. 7a); specifically, a dramatic difference of ~430 mV was recognized in Epa between as-
grown BDDsoo and BDDgggo electrodes. In addition, only on electrodes prepared at higher B/C, i.e.,
BDDsgoo and BDDsgooo, @ small cathodic peak, ascribed to reduction of dopamine-o-quinone back to
dopamine, was recognized at a potential of ~0V (see inset in Fig. 7a). Hence, dopamine redox
reaction exhibits the fully irreversible nature on as-grown BDD electrodes deposited at lower B/C (<
2000 ppm). As can be further seen in Fig. 7a, the intensity of oxidation peak current (/pa) gradually
increased with an increase in B/C and the /pa recorded on as-grown BDDsgeo almost doubled,
compared to BDDsgo. The observed phenomena can be ascribed to the higher doping levels and thus
higher conductivity facilitating dopamine/dopamine-o-quinone redox reactions [48], but also to the
presence of sp? carbon impurities, whose increased content was confirmed in as-grown BDDaogo and
BDDsgooo by Raman spectroscopy (see Fig. S2). The impact of sp?-bonded carbon presumably results
from the synergic effect of its electrocatalytic and adsorption-promoting role, while the latter may
cause, to some extent, ‘preconcentration’ of dopamine molecules or oxidation product(s) on the BDD

surface [20,48].
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Fig. 7. CVs of 1 mmol L™* dopamine in 0.1 mol L™ phosphate buffer pH 7.4 recorded on (A) as-grown
BDD and (B) CM pO“ShEd BDD electrodes: (—) BDDsoo, (— —) BDDlooo, (‘ L4 ') BDDzooo, (— L4 —) BDD4000,

and (— e *) BDDggoo, using a scan rate of 0.1V s 2.

Similar trends, i.e., a decrease in E,aalong with an increase in /pa with boron content was observed on
CM polished BDD electrodes (see Fig. 7b), however, both trends were significantly less pronounced in
comparison with as-grown electrodes. Specifically, (i) a shift in E,a occurred within a much narrower
potential range (from +558 mV to +408 mV) and E,x even remained constant for electrodes with
B/C = 2000 ppm, and (ii) a difference in the /pa intensity of only ~17 % between CM polished BDDsgo

and BDDsgogo Was discerned. In contrast to as-grown electrodes, a cathodic peak is clearly developed



on all CM polished BDD electrodes, as shown in the inset in Fig. 7b, indicating the increased
reversible behaviour of the dopamine/dopamine-o-quinone redox system. Importantly, parameters
characterizing 'reversibility', AE, and |/pa/loc| ratio (Tab. 4), improved with increased doping levels.
Lower AE, values, and thus faster HET kinetics, were recognized on CM polished BDD of higher B/C 2
2000 ppm which is related to the greater content of electroactive sites, i.e., boron atoms and sp?
carbon spots, accelerating dopamine redox reaction. It has been previously postulated that the more
sp? carbon present on the BDD surface, the larger the dopamine adsorption is, which consequently
manifests in a smaller AE, [61]. Obviously HET kinetics of dopamine is more sensitive to boron doping
level and sp? carbon content being accelerated with their increase, than HET kinetics of Fe(CN)s]>7*~.
Naturally, HET kinetics benefits from the uniformity of the CM polished surfaces as confirmed for the
other redox markers.

Finally, as can be seen in Tab. 4, the differences between as-grown and CM polished electrodes are
more evident at lower B/C, while with an increase in the content of boron dopant and sp? carbon
sites, differences gradually diminish resulting in much more comparable dopamine responses, most

visibly on BDDsooo, regardless of the surface microstructure (as-grown vs. CM polished).

Tab. 4: Parameters extracted from CVs recorded on as-grown and CM polished BDD electrodes
characterizing dopamine/dopamine-o-quinone redox reaction: dopamine oxidation potential (Epa),

the peak-to-peak separation (AE;), and the ratio of anodic and cathodic peak currents | /pa/loc|.

as-grown CM as-grown CM as-grown CM
polished polished polished

Sample Epa (MV) AE, (mV) | Toa/Inc|

BDDsoo +840 +558 - 501 - 18.5
BDD1000 +699 +480 - 423 - 16.8
BDD2000 +537 +410 - 353 - 15.4
BDDa4ooo +459 +408 447 351 194 14.9
BDDsooo +414 +408 384 351 20.2 13.7

#Values are not reported, as cathodic peak is absent in the recorded CVs.

3.5.2 Square-wave voltammetry
Clearly, CV experiments revealed the enhanced electrochemical performance of CM polished BDD
electrodes. To verify that such a significant boost also translates into improved analytical parameters

essential for the development of electrochemical sensors, further voltammetric experiments were



performed with as-grown and CM polished BDDsgp and BDDaggo electrodes. These four electrodes
were selected to act as representatives of electrodes with lower and higher boron and sp? carbon
content, and simultaneously they reflect either more or less pronounced differences among the two
sets. Specifically, a well-established, and sensitive SWV technique with previously optimized
parameters (overviewed in Section 2.3 for each electrode) was employed to record concentration
dependences of dopamine (Fig. S12). The obtained analytical parameters, i.e., linear dynamic range
(LDR) and calculated LOD values, using the procedure described in Section 2.3, for all four BDD
electrodes are reported in Tab. 5.

The widest LDR providing linear current responses for the entire range of dopamine
concentrations (from 1.0 to 100.0 umol L™) was only obtained on the CM polished BDD4ogo electrode,
whereas a break in the linear range occurred on the other three studied electrodes (see Fig. S12).
Similarly, two LDR within the investigated concentration range have been recognized in previous
studies on catecholamine neurotransmitters, dopamine [49,62] and epinephrine [63], and their
metabolite vanillylmandelic acid [64]. Further, assessing both sets individually, higher doped BDD 4000
electrodes provided lower LOD values, compared to BDDso electrodes. Nevertheless, when the two
sets are compared, CM polished electrodes certainly outperform both as-grown BDD electrodes, i.e.,
even CM polished BDDsgo exhibits better electroanalytical characteristics than as-grown BDDaooo (see
Table 4). Overall, the lowest LOD of 0.23 umol L™* and the highest sensitivity was achieved on CM
polished BDDaogo. Apparently, smoother surfaces with larger areas of exposed and thus available
electroactive sites including boron atoms and sp? carbon domains, whose effects were thoroughly
discussed above, contribute to the superior electroanalytical performance of CM polished BDD
electrodes. The achieved submicromolar LODs and LDR over two orders of magnitude for the CM
polished BDDagoo electrode is comparable with analytical figures of merit obtained on other non-
modified O- and H-terminated BDD electrodes as can be seen from the overview of their analytical

performance in Tab. S4.



Tab. 5: Analytical parameters of concentration dependences of dopamine in 0.1 mol L* phosphate

buffer of pH 7.4 obtained by SWV using optimized parameters, with calculated LOD values.

BDD electrode LDR Slope Intercept R LOD
(umol L) (nA umol L) (nmol L) (umol L)

As-grown

BDDsoo 6.0-20.0 4904 -0.020 £ 0.003 0.9899 1.82
20.0-100.0 11.8+0.7 -0.133 £0.032 0.9931

BDDaooo 2.0-10.0 3.7+£0.2 -0.004 £ 0.001 0.9940 1.06
10.0-80.0 6.81£0.2 -0.044 £ 0.006 0.9984

CM polished

BDDsoo 4.0-10.0 3.6+0.2 -0.008 £ 0.001 0.9964 0.84
10.0-80.0 11204 -0.086 £ 0.006 0.9976

BDDaooo 1.0-100.0 526+1.1 -0.020 £ 0.004 0.9987 0.23




4. Conclusion

A thorough experimental study was performed with a set of ultra-thin (< 500 nm) BDD layers
deposited at B/C ratios 500 ppm — 8000 ppm aiming at comparison of as-grown polycrystalline and
CM polished electrodes.

The main effects of the CM polishing can be summarized as follows:

(i) The CM polished electrode (BDD2ooo) exhibits a strong texture with component in the {011}
and {111} orientation, confirmed by EBSD measurements.

(ii) Raman spectroscopy revealed an increase in sp? carbon content in BDDaoo and BDDsgooo
electrodes in comparison with lower doped BDDsgo-2000 €lectrodes, and importantly, CM polishing did
not cause any increase in amount of sp? carbon impurities (regarding sensitivity of Raman
measurements).

(iii) XPS revealed the higher surface quality of CM polished BDD layers, only a minor rise in
oxygen content and an increase in boron content for BDD4goo and BDDsooo electrodes in comparison
with as-grown layers. This effect can be explained by CM polishing exposing boron atoms present in
bulk of the BDD, where the concentration is higher than on the surface due to a "shut-down" effect
during the switch off procedure following CVD leading to diamond deposition with lower [B] content
due to changes in the final deposition conditions.

(iv) SECM using FcMeOH as a redox probe proved that the conductivity of as-grown BDD layers is
heterogeneously distributed, as-grown surfaces possess spots of high electrochemical activity as well
as insulating spots (the latter increases with decreasing boron content). CM polished BDD electrodes
exhibit better uniform distribution of surface activity, especially for highly doped BDD, in agreement
with uniform distribution of boron atoms in the bulk of BDD layers [43—-45].

(v) The increase in Yy values characterizing the capacitance with increasing boron content
estimated by EIS is presumably caused by an increasing number of charge carriers, represented by
boron atoms and sp? carbon in BDDa4ooo and BDDsgooo layers. The higher values of Y, and lower values
of charge transfer resistance R of CM polished in comparison with as-grown layers can be assigned
to increased surface boron concentration in BDDagoo and BDDsogo layers, confirmed by XPS and
uniform conductivity of the surface due to smoothing of the surface imposed by polishing.

(vi) The HET kinetics of outer-sphere redox markers ([IrCls]>”3>~ and [Ru(NHs)s]>*/?*) sphere is
(nearly) reversible, independent on boron doping level and surface morphology. The HET kinetics of
inner-sphere redox markers ([Fe(CN)s]>”*, dopamine/dopamine-o-quinone) is accelerating with
increasing boron doping level, as recognized by decreased AE, values. A significant enhancement of
HET kinetics (more pronounced for lowly doped films) has been recognized on CM polished BDD
electrodes. For Fe(CN)s]>*7*, the slightly higher amount of oxygenous groups on the CM polished

surface, sp? carbon content, and boron doping level have minor effect and the HET kinetics



accelerates due to reduction in surface roughness leading to uniform surface conductivity. The HET
kinetics of dopamine is more sensitive to boron doping level and sp? carbon content being
accelerated with their increase.

(vii) Electroanalytical characteristics estimated for dopamine in phosphate buffer revealed that
BDDsgo and BDD4ooo CM polished electrodes outperform BDDsgo and BDDagoo as-grown BDD electrodes.
The lowest LOD of 0.23 pumol L™}, the widest linear dynamic range and the highest sensitivity was
achieved on CM polished BDDa4goo electrodes.

Obviously, the changes in electrochemical characteristics described in (iv) — (vii) reveal that CM
polished BDD electrodes possess uniform distribution of conductivity due to smoothing of the
surface as proved by scanning electrochemical microscopy, faster heterogenous electron transfer

4 and dopamine) and higher values of double

kinetics for inner-sphere redox markers ([Fe(CN)g]®
layer capacitance. However, CM polished surfaces presumably contain uniformly distributed charge
carriers as a result of continuous BDD growth during unaltered CVD process, moreover on a relatively
smooth surface with less grain boundary influence. This homogeneity of CM polished surfaces is
obviously the key parameter for boosting of electrochemical and electroanalytical characteristics.
The other major effect influencing electrochemical properties includes increased number of charge
carriers, represented by boron atoms, and eventually sp? carbon in BDDagoo and BDDgooo films.

To conclude, CM polishing or other advanced diamond polishing methods [32] seem to be a very
effective way for altering the electrochemical properties of BDD. Further studies are needed to
evaluate their fouling resistivity, efficacy in productivity of hydroxyl radicals, possibilities of local

surface structuring and surface termination to extend their possibilities in (bio)sensing, incineration

of organic compounds and electrocatalytic applications.
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