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A B S T R A C T   

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 (0.58–4.4 × 1021 cm− 3, 
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 to the evaluation of grain size distribution (mean 0.3 
μm) and preferred grain texture, {011}. X-ray photoelectron spectroscopy confirmed an increase in the B content 
on the surface of CM polished electrodes as a result of exposure of boron atoms incorporated into the bulk for 
highly doped BDD4000 and BDD8000 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)6]3–/4– 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 demon
strated by superior electroanalytical performance of CM polished BDD electrodes for dopamine detection.   

1. Introduction 

Boron doped diamond (BDD) electrodes, with sp3 hybridized carbon, 
are a very perspective electrode material thanks to properties of dia
mond 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, sp2 carbon impurities, crystal 
orientation, grain boundaries, and surface termination (H-, or O-termi
nated 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 conduc
tivity transition is 2 × 1020 boron atoms cm− 3 [10–13]. The boron 
dopant level is also related to the sp2 carbon content in BDD layers, as 
with higher B/C ratio in the gas phase during chemical vapour deposi
tion (CVD), crystalline quality diminishes and BDD layers possess higher 
grain boundary content. An increased sp2 carbon/boron content in
creases the number of charger carriers in BDD layers, which results in an 
increase in background current and therefore shortens the potential 
window [11,14–16]. Further, it leads to acceleration of HET kinetics for 
inner-sphere redox systems [6,17–19]. However, unwanted adsorption 
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of reaction (by)products can occur due to higher sp2 carbon content in 
highly doped BDD layers, which can cause surface fouling [20]. 

Surface termination is another crucial factor determining electro
chemical 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––O, –C− O–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 π-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 sp2 hybridized carbon possessing oxygen function
alities, 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 sp2 hybridized carbon and 
the attached oxygen functionalities, it does not change the surface 
morphology. Chemical-mechanical (CM) polishing, which is capable of 
smoothing diamond crystallites, has been used for polishing of ultra-thin 
(≤500 nm) polycrystalline [28] and single crystal [29] undoped dia
mond. 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 <2 nm 
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 μm) 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 elec
trodes deposited at B/C ratios of 500, 1000, 2000, 4000, 8000 ppm in 
the gas phase during 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 spectros
copy (EIS), square wave voltammetry (SWV), and cyclic voltammetry 
(CV) for evaluation of HET kinetics of outer- and inner-sphere redox 
markers was used to assess the performance of CM polished BDD elec
trodes and to contribute to understanding of the interplay between the 
boron and sp2 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 (MW PECVD) system (AX5010 from Seki Diamond Systems) using 
well established growth conditions, i.e., 0.5% CH4 in H2, 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 (BDD500 – 
BDD8000). Prior to CVD, conductive Si wafer substrates were cleaned 
using acetone, isopropyl alcohol, H2SO4/H2O2 and rinsed in deionized 
water. Substrates were then seeded with a nanodiamond dispersion 
(NanoAmando®B) in water (0.2 g L− 1) 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% SiO2, 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 5–7 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(II) chloride, dopamine hydrochloride, 
ferrocene(I) methanol (FcMeOH), potassium hexachloroiridate(III) (all 
Sigma-Aldrich, Germany), potassium hexacyanoferrate(II) trihydrate, 
potassium hexacyanoferrate(III), potassium chloride, sodium dihy
drogen 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 MΩ cm was used to prepare all aqueous solutions. 
0.10 mol L− 1 phosphate buffer of pH 7.4 was prepared by adjusting with 
0.50 mol L− 1 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 Sca
nAsyst Air tips (Bruker; k = 0.4 N m− 1; nominal tip radius 2 nm). 
Measured topographies have 512 × 512 points resolution. To obtain 
roughness data areas of 1 × 1 μm2 and 5 × 5 μm2 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 5 kV (secondary electron 
imaging), whereas microstructural crystallographic orientation map
ping was performed at an acceleration voltage of 10 kV using an electron 
backscatter diffraction (EBSD) detector. Data was obtained using a 
EDAX DigiView V EBSD camera and EDAX APEX acquisition software, 
and subsequently processed with EDAX OIM Analysis 8 software con
taining 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− 1 and 1330 cm− 1 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 1100–1500 cm− 1. Values for sp3/sp2 were obtained 
from fitting of Raman spectra, over the 1000–1700 cm− 1 range, to 
obtain curve/peak integrated area values using Renishaw WiRe 3.2 
software. Values were then used according to Ref. [33] to give a layer 
quality factor fq indicating sp3/sp2. XPS was carried out on a NanoESCA 
microscope (Omicron) using monochromatized Al Kα radiation (hν =
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 
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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 polytetrafluoro
ethylene. A three-electrode setup was applied consisting of the SECM 
probe (as the working electrode), a Ag/AgCl/3 mol L− 1 KCl 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 μm 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 experi
ments. Measurements were conducted in 5 mL of a mediator solution 
(1.5 mmol L− 1 of the respective mediator) with 1 mol L− 1 KNO3 as a 
supporting electrolyte. Solutions were not deaerated prior measure
ments. FcMeOH, ferrocyanide, ferricyanide, and hexaammineruthenium 
(III) 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 ferro
cyanide, and − 0.2 V for hexaammineruthenium(III). The maximum 
approach speed was 2.5 μm s− 1 and quiet time was 15 s. Imaging ex
periments were conducted with the same fixed probe potentials, probe 
scan rate was 200 μm s− 1, and quiet time was 15 s. Areas covered in the 
images had a size of 500 × 500 μm2 with a step size of 5 μm 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 k0

app 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 
k0

app value per approached spot. The diffusion coefficient used for [Ru 
(NH3)6]3+/2+ was 5.5 × 10− 6 cm2 s− 1 [35]. PAC parameters were: probe 
potential − 0.3 V, quiet time 15 s, maximum approach speed 0.5 μm s− 1. 

For CV and SWV measurements a three-electrode setup was used 
consisting of an Ag/AgCl/3 mol L− 1 KCl reference electrode and a 
platinum wire as an auxiliary electrode (both Elektrochemické detek
tory, 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 mm2. 

CV measurements were performed using an Eco-Tribo polarograph 
with PolarPro 5.1 software (Eco-Trend Plus, Czech Republic). SWV ex
periments 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 ΔEs) for (i) as- 
grown BDD500: A = 60 mV, f = 20 Hz, ΔEs = 8 mV, (ii) as-grown 
BDD4000: A = 50 mV, f = 10 Hz, ΔEs = 4 mV, (iii) CM polished 
BDD500: A = 120 mV, f = 10 Hz, ΔEs = 8 mV, and (iv) CM polished 
BDD4000: A = 220 mV, f = 20 Hz, ΔEs = 3 mV. EIS measurements were 
carried out using Autolab PGSTAT101 potentiostat with Nova 2.1 soft
ware (Metrohm Autolab B.V., Utrecht, The Netherlands). Impedance 
spectra were recorded in 1 mol L− 1 KCl at a potential 0 V, 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 con
stant phase element (CPE) and the parameters N and Y0 were evaluated. 
To normalize the Y0 values the real surface areas Areal calculated from 
AFM measurement were used. EIS data in 1 mol L− 1 KCl in the presence 
of 1 mmol L− 1 [Fe(CN)6]3–/4– were measured at the potential E = +0.25 
V and were evaluated using the equivalent circuit depicted in Fig. S11a). 
Obtained CPE values only in 1 mol L− 1 KCl worked as the reference 
values during the fitting in the presence of the 1 mmol L− 1 [Fe(CN)6]3–/ 

4– redox system. 
The apparent heterogenous electron transfer rate constant k0

app was 
calculated by the Nicholson method [36], based on the difference in 
potential of the anodic and cathodic peaks ΔEp of redox species 

according to Equation (1), 

k0
app =ψ

[
πD0nFv

RT

]1 /

2

(1)  

where ψ is a dimensionless parameter obtained from the logarithmic 
dependence of ψ on ΔEp evaluated from CVs [36], D0 is the diffusion 
coefficient, n is the number of electrons, F is the Faraday constant (C 
mol− 1), υ is the scan rate (V s− 1), R is the gas constant (J K− 1 mol− 1), T is 
the temperature (K), and the value of π is 3.14. Further, k0

app values were 
calculated from Tafel plots using Equation (2), 

i0 = nFArealk0
appc (2)  

where i0 is the exchange current obtained from Tafel plots (A), n is the 
number of electrons, F is Faraday constant (C mol− 1), Areal is the real 
exposed BDD area (cm2), k0

app is kinetic constant (cm s− 1), c is concen
tration (mol cm− 3). 

The following diffusion coefficients were used for particular redox 
markers: 7.6 × 10− 6 cm2 s− 1 for [Fe(CN)6]3–/4– [37], 5.5 × 10− 6 cm2 s− 1 

for [Ru(NH3)6]3+/2+ [35] and 8.3 × 10− 6 cm2 s− 1 for [IrCl6]2–/3– [38]. 
Concentration dependencies for dopamine were constructed from the 
average of five replicate measurements for each concentration on each 
BDD electrode. 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 BDD500, 
BDD1000, BDD2000, BDD4000 and BDD8000 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 
Table 1. In all cases, except one, the roughness is at or below 2 nm. The 
RMS roughness value for BDD1000 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 μm × 1 μm) the RMS roughness for 
BDD1000 was found to be also <2 nm. The reduced RMS roughness of the 
as-grown BDD8000 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. 

Orientation mapping using EBSD was carried out on the CM polished 
BDD2000 sample. The high-quality CM polishing and signal collection 
conditions enabled the acquisition of Kikuchi patterns on ultra-thin BDD 
layers, we believe, reported for the first 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 
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Fig. 1. AFM and SEM micrographs of as-grown and CM polished BDD500, BDD1000, BDD2000, BDD4000 and BDD8000 electrodes. (A colour version of this figure can be 
viewed online.) 
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equiaxed microstructure with a Gaussian grain size distribution, Fig. 2c). 
The grain size was measured to be 0.3 ± 0.1 μm. 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). 

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− 1 and 
1200 cm− 1, and a red shifted (from ca 1330 cm− 1 down to ca 1282 cm− 1) 
Fano shaped diamond Raman line. The contribution from non-diamond 
phase bands at 1520 cm− 1 can be seen to be rather constant with B/C 
ratios up to 2000 ppm, at 4000 and 8000 ppm this contribution in
creases. In addition, peaks related to the Si substrate are visible at 520 
cm− 1 and 950 cm− 1. 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 asym
metric coefficient with the Fano effect. The determined [B] concentra
tion was established to be from 0.58 × 1021 cm− 3 for BDD500 electrodes 
up to 4.4 × 1021 cm− 3 for BDD8000 electrodes [40,41], for exact values of 

Table 1 
RMS roughness and real surface area values from AFM (5 μm × 5 μm) mea
surements of as-grown (AG) and CM polished (CMP) BDD electrodes.  

Sample AFM – RMS roughness 
(nm) 

Surface area difference 
(%) 

Areal (cm2) 

AG CMP AG CMP AG CMP 

BDD500 25 1.3 17.1 0.0291 0.0235 0.0201 
BDD1000 32 6.2 19.2 1.18 0.0240 0.0203 
BDD2000 32 1.5 18.1 0.0507 0.0237 0.0201 
BDD4000 54 2.2 37.7 0.199 0.0277 0.0201 
BDD8000 15 0.6 17.5 0.0561 0.0236 0.0201  

Fig. 2. Orientation image maps of CM polished BDD2000 electrode: a) example of obtained Kikuchi pattern; b) grain orientation map; c) grain size distribution 
histogram; d) pole figures for {001}, {011} and {111} planes. (A colour version of this figure can be viewed online.) 
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as-grown and CM polished BDD see Table S1. All values are above the 
theoretical threshold of [B] ≈ 2 × 1020 cm− 3 for metallic-like conduc
tivity [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 elec
trodes, 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 Table 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 
Ref. [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 BDD2000 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 II. 
is likely related to COOH functional groups [42]. C 1s spectra show 
several peaks. Peak I. corresponds probably to B4C or B3C. Peaks II. and 
III. are difficult to separate especially on CM polished electrodes, but 
these peaks can be attributed to sp2 or sp3 carbon C–C bonds and peak 
IV. to sp3 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 sp2/sp3 carbon content. This may be caused 
by introduction of C––O functional groups on the surface layer. B 1s 
spectra shows three peaks where peak I. may correspond to boron 
clusters, and peaks II. and III. 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 
with 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 sp2 

carbon content. The values obtained using both methods are listed in 
Table 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/sp2 from Raman is indicated by 
layer quality factor fq. The contribution from non-diamond carbon at 
1520 cm− 1 can be seen to be rather constant in as-grown and CM pol
ished electrodes with B/C ratios up to 2000 ppm (fq ≥ 96), at 4000 and 
8000 ppm this contribution increases (fq ≤ 93), as seen in Fig. S4b). For 
XPS, to give a qualitative value for surface sp3/sp2 fitting was attempted 
on the C 1s spectrum. However, fitted peaks, II. (sp2) + III. & 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 sp2 related, as in Ref. [46] or at least partly related, then a trend can 
be found, i.e., that sp2 content increases with B/C, see Fig. S4c) This 
agrees with Raman data, i.e., decrease in sp3/sp2 with increasing B/C, 

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 BDD500 to 8000 and CM polished BDD500 to 8000.  

Table 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 contribution to C 
(%) 

B (%) O 1s (%) 

AG CMP AG CMP AG CMP AG CMP 

BDD500 97.9 95.4 0.23 0.22 0.25 0.19 1.9 4.4 
BDD1000 98.9 94.4 0.56 0.55 0.41 0.33 0.7 5.3 
BDD2000 97.7 93.7 1.14 1.01 0.67 0.66 1.6 5.7 
BDD4000 96.3 91.8 3.57 4.14 2.41 2.68 1.3 5.6 
BDD8000 95.7 90.0 4.79 5.25 2.71 3.69 1.6 6.3  
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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 Section 3.4, no sp2 related features are visible from 
an electrochemical point of view, therefore it is not clear how relevant or 
reliable these findings are. 

3.3. Scanning electrochemical microscopy 

Feedback mode in SECM was utilised to investigate the electro
chemical surface activity of BDD electrodes on the microscale. These 
measurements were performed in 1 mol L− 1 KNO3 at substrate potentials 
where surface interaction of the NO3

− ions with C–H on the surface [47] 
of BDD presumably does not influence the electrochemical activity. The 
topographical influence on the SECM signal could be ruled out, as AFM 
measurements confirmed that the surface roughness was 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 BDD4000 sample recorded in different 
mediator solutions. By using outer-sphere redox mediators (FcMeOH 
and hexaammineruthenium(III)), surface details could be resolved well, 
while the 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 BDD4000 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 BDD8000 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. 4a) 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 sur
face 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. 4b) the corresponding destinations of the 
PACs are highlighted in red and blue. 

In Fig. 5, SECM images of the surfaces of as-grown and CM polished 
BDD500, BDD2000, and BDD8000 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 elec
trochemical 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. 

The range of k0
app values further characterizing electrochemical sur

face activity was calculated from seven individual PACs towards 
different positions on the BDD4000 electrodes. For as-grown BDD, k0

app 
values ranging from 0.113 up to 0.313 cm s− 1 were calculated, while for 
CM polished BDD4000 electrode the values yielded a range from 0.280 to 
0.382 cm s− 1. 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 k0

app values. Homogeneity is also 
expressed by the lower variance of k0

app 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 (BDD500 – BDD8000) was performed to evaluate the effect 
of surface smoothing on HET kinetics and capacitance obtained from EIS 
measurements. CV measurements in 1 mol L− 1 KCl in the presence of 
outer- ([IrCl6]2–/3– and [Ru(NH3)6]3+/2+) and inner-sphere ([Fe 
(CN)6]3–/4–, dopamine/dopamine-o-quinone) redox markers were per
formed 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 (ΔEp) and IpA/IpC ratio of peak currents of 
anodic/cathodic signal. ΔEp values are summarized in Table 3, IpA/IpC 

Fig. 4. a) PACs toward the surface of the as-grown BDD8000 electrode. Positive (red line) as well as mixed feedback (blue line) was observed during the approach. b) 
SECM image of the as-grown BDD8000 electrode with the corresponding positions for the PACs in a). Measurements were conducted in 1.5 mmol L− 1 FcMeOH in 1 
mol L− 1 KNO3, electrode diameter = 25 μm. 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 a). (A colour version of this figure can be 
viewed online.) 
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Fig. 5. SECM images of as-grown and CM polished BDD electrodes: a) as-grown BDD500, b) CM polished BDD500, c) as-grown BDD2000, d) CM polished BDD2000, e) as- 
grown BDD8000, f) CM polished BDD8000. Measurements were conducted in a 1.5 mmol L− 1 FcMeOH in 1 mol L− 1 KNO3, electrode diameter = 25 μm. 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. (A colour version of this figure can be viewed online.) 
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values are listed only for dopamine/dopamine-o-quinone (see Table 4) 
because for other markers they were close to 1.0. Further, values of 
apparent heterogeneous electron transfer rate constant k0

app calculated 
by the Nicholson method from ΔEp values [36] for all tested inorganic 
redox markers were estimated and are reported in Table 3. 

Fig. 6 represents an example of CV measurements of outer-sphere 
([Ru(NH3)6]3+/2+) and inner-sphere ([Fe(CN)6]3–/4–) probe in 1 mol 
L− 1 KCl on all as-grown and CM polished BDD electrodes at a scan rate of 
0.1 V s− 1. 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 ΔEp values ranging from 
60 mV to 71 mV for [Ru(NH3)6]3+/2+ (CVs in Fig. 6 a), b)) and from 55 
mV to 66 mV for [IrCl6]2–/3–. For both markers, CM polishing led to 
unification of ΔEp values (difference in ΔEp only 5 mV among the in
dividual electrodes differing in boron doping level). k0

app values reflect 
the minimal differences in ΔEp and lay within one order of magnitude 
from 0.201 cm s− 1 to 0.019 cm s− 1 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 hin
dered by the chemical species terminating the BDD surface, i.e., a 
slightly higher content of oxygenous groups as shown by XPS mea
surements. 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 domi
nant H-terminated surface and relative low oxygen content, slightly 
increased after CM polishing. Increased ΔEp values differing from 59 mV 
for [Ru(NH3)6]3+/2+ redox probe were reported for O-terminated sur
faces and low boron content in BDD layers deaccelerating HET kinetics 
[14,16]. Values lower than 59 mV were attributed to increased sp2 

carbon content with attached oxygen functionalities bearing partially 
negative charge thus supporting adsorption of the positively charged 
[Ru(NH3)6]3+/2+ redox marker recognized in porous BDD layers [44] or 
the effect of thin layer diffusion know from other carbon porous mate
rials [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)6]3–/4–. While ΔEp 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 Table 3. Fig. S7b) represent the expected decline in 
ΔEp values with increasing [B] estimated from Raman. In general, ΔEp 
values for [Fe(CN)6]3–/4– on BDD electrodes increase with increasing 
oxygen content (due to interaction of the redox marker with π electrons 
present in oxygenous groups [53]) and decreasing boron content [11,12, 
48,54]. For the as-grown BDD electrodes, higher values of ΔEp for [Fe 
(CN)6]3–/4– 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 accelera
tion of HET kinetics, which is more pronounced for lower doped BDD 
electrodes. This might be due to the uniform distribution of boron atoms 
recognized by uniform electrochemical activity in SECM for BDD500 – 
BDD2000 electrodes together with a relative increase in boron concen
tration on the surface after CM polishing for BDD4000 and BDD8000, as 
seen in XPS measurements. The increase in HET kinetics is characterized 
by k0

app values from 0.005 cm2 s− 1 (500 ppm) to 0.019 cm2 s− 1 (8000 
ppm) on CM polished surfaces. k0

app values for [Fe(CN)6]3–/4– were 
further evaluated from Tafel plots (depicted in Fig. S8, k0

app values listed 
in Table 3) for all as-grown and CM polished BDD electrodes. All eval
uated kinetic and thermodynamic parameters are listed in Table S2. E0 

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 1e− process. For CM polished BDD electrodes they range from 105 
to 152 mV per decade. This can be explained by accelerated HET kinetics 
on the CM polished BDD electrodes in comparison with the as-grown 
ones and therefore complicated and inaccurate evaluation of Tafel 
slopes. The values of transfer coefficient α and β are around 0.5 which 
indicates the symmetry of kinetics of the oxidation/reduction reaction. 
Evaluation of Tafel slopes enables calculation of k0

app 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, k0

app values vary from 0.00044 to 0.00163 cm s− 1 

for BDD500 to BDD8000, i.e., roughly increase with increasing boron 
doping level and are comparable with the values of k0

app calculated by 
the Nicholson method for BDD4000 and BDD8000. The values calculated 
for CM polished electrodes are in general higher, about 0.006 cm s− 1 for 
BDD500 and BDD1000, i.e., comparable with values calculated by Nich
olson method. For CM polished electrodes with higher doping level, they 
increase to 0.0075 cm s− 1 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 

Table 3 
Calculated ΔEp and k0

app values for inorganic redox markers, Y0 and N values of CPE estimated by EIS in 1 mol L− 1 KCl at 0 V and Rct estimated by EIS in 1 mmol L− 1 [Fe 
(CN)6]3− /4− at +0.25 V on as-grown (AG) and CM polished (CMP) BDD500 − BDD8000 electrodes.  

Cyclic voltammetry Electrochemical impedance spectroscopy 

Marker [Ir(Cl6)]2–/3–  [Ru(NH3)6]3+/2+ [Fe(CN)6]3− /4− 1 mol L− 1 KCl  1 mmol L− 1 [Fe(CN)6]3− /4−

AG CMP AG CMP AG CMP AG CMP AG CMP   

Sample ΔEp (mV)      bY0 N bY0 N Rct (kΩ) Rct (kΩ) 

BDD500 66 55 71 65 429 100 4.50 0.977 12.0 0.973 278 3.17 
BDD1000 57 55 63 60 270 100 5.01 0.955 27.1 0.894 52.7 2.7 
BDD2000 60 60 63 60 297 85 8.05 0.937 17.1 0.963 38.7 1.56 
BDD4000 63 60 63 60 225 75 14.7 0.936 37.2 0.923 14.7 0.579 
BDD8000 66 55 69 60 228 75 13.2 0.907 40.8 0.923 14.9 0.45  

k0
app (cm s− 1) Nicholson method Tafel plots for [Fe(CN)6]3− /4−

BDD500 0.040 0.201 0.019 0.041 a– 0.005 0.00046 0.00634 
BDD1000 0.201 0.201 0.057 0.164 a– 0.005 0.00137 0.00534 
BDD2000 0.201 0.201 0.057 0.164 a– 0.010 0.00107 0.00679 
BDD4000 0.071 0.201 0.057 0.164 0.001 0.019 0.00098 0.00710 
BDD8000 0.040 0.201 0.022 0.164 0.001 0.019 0.00163 0.00728 

The impedance of the CPE is provided by: ZQ =
1

YO(jω)
n  

a For ΔEp values above 212 mV the dimensionless parameter ψ isn’t defined thus k0
app couldn’t be calculated. 

b The units of Y0 values are μMho s− 1cm− 2. 
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last method used for calculation of k0
app is based on evaluation of PAC 

curves obtained from SECM measurements. When we compare k0
app 

values obtained from SECM using [Ru(NH3)6]3+/2+ as a redox probe (see 
Section 3.3) with k0

app values obtained from CV measurements for 
BDD4000 electrodes using outer and inner sphere probes the same trend 
can be seen, i.e. higher k0

app values on CM polished in comparison with 
as-grown BDD surfaces. The absolute k0

app values evaluated from SECM 
also show a lower variance for CM polished BDD electrodes confirming 
lower heterogeneity in electrochemical activity of the surface. 

Both methods for evaluation of HET kinetics witness its acceleration 
for surface sensitive [Fe(CN)6]3–/4 due to CM polishing. Clearly, a 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 ΔEp 
values for redox markers on sp3/sp2 evaluated from Raman measure
ments. Only minor differences in ΔEp values can be recognized for outer 
sphere markers and [Fe(CN)6]3–/4–. 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, sp2 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− 1 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–0.1 Hz in 1 M KCl 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 ob
tained values of parameter Y0 (characterizing capacitance of the double 
layer) and N parameter (characterizing the extent of difference in 
roughness of the surface) are listed in Table 3. Y0 values increase with 
increasing boron content reaching values from 4 500 nMho s− 1 cm− 2 to 
13 000 nMho s− 1 cm− 2 for as-grown BDD500 to BDD8000 films and from 
12 000 nMho s− 1cm− 2 to 40 000 nMho s− 1cm− 2 for CM polished BDD500 
to BDD8000 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 Y0 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 Y0 value for CM polished BDD1000 electrode documents the 
presence of residual structure features (Table 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 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− 1 [Fe 
(CN)6]3–/4– in 1 mol L− 1 KCl at a potential of +E = 0.25 V are depicted in 
Fig. S11. The Rct values obtained from fitted circuit (inset in Fig. S11a) 
are listed in Table 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 Rct and, obviously, the 
charge transfer resistances are much lower on the CM polished BDD 
electrodes in comparison with as-grown BDD electrodes. Again, EIS re
sults demonstrate the superiority of surfaces treated by chem- 
mechanical polishing in comparison with those without it. 

A thorough comparison of 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 Table S3. BDD elec
trodes with metallic-type conductivity (i.e. [B] > 2 × 1020 cm− 3 [11]), 
exhibit in general lower ΔEp values for [Ru(NH3)6]3+/2+ than for [Fe 
(CN)6]3− /4− 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 ΔEp values for [Fe(CN)6]3− /4− on O-terminated surfaces in 
comparison with H-terminated surfaces. However, the extent of hydro
genation/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 ΔEp values problematic. ΔEp values for [Fe 
(CN)6]3− /4− obtained in our study on CM polished electrodes in the 

Fig. 6. Cyclic voltammograms of a) 1 mmol L− 1 [Ru(NH3)6]3+/2+ and c) 1 mmol L− 1 [Fe(CN)6]3− /4− on as-grown BDD electrodes, and b) 1 mmol L− 1 [Ru(NH3)6]3+/ 

2+, d) 1 mmol L− 1 [Fe(CN)6]3− /4− on CM polished BDD electrodes. Supporting electrolyte 1 mol L− 1 KCl, scan rate 0.1 V s− 1. (A colour version of this figure can be 
viewed online.) 
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range from 75 mV to 100 mV are close to 65 mV obtained for BDD 
alumina polished surface with [B] ≈ 1.9 × 1020 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]. Cdl values 
estimated for various BDD electrodes in Table S3 can be compared with 
Y0 values characterizing the capacitance obtained in our study. Values of 
Cdl< 17.3 μF cm− 2 characterize the capacitance of BDD electrodes 
overviewed in Table S3, and are comparable with Y0 values for the 
as-grown set. Higher values of Y0 for CM polished samples are pre
sumably caused by uniform conductivity of the surface due to smoothing 
of the surface following CM polishing. Values are close to those obtained 
on uniform sp2 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− 1 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 (pKa = 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 in ΔEp values due to changes of HET 
kinetics for the quasireversible dopamine redox system, being depen
dent on surface termination [20,49,58–60], sp2 carbon impurities [20, 
61], and boron content [48]. 

3.5.1. Cyclic voltammetry 
Cyclic voltammograms recorded in dopamine solution (1 mmol L− 1) 

in the potential range from − 0.5 V to +1.5 V on all studied electrodes are 
depicted in Fig. 7 and valuable parameters extracted from these mea
surements are summarized in Table 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 BDD500 and BDD8000 electrodes. In addition, 
only on electrodes prepared at higher B/C, i.e., BDD4000 and BDD8000, a 
small cathodic peak, ascribed to reduction of dopamine-o-quinone back 
to dopamine, was recognized at a potential of ~0 V (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 (IpA) 
gradually increased with an increase in B/C and the IpA recorded on as- 
grown BDD8000 almost doubled, compared to BDD500. The observed 
phenomena can be ascribed to the higher doping levels and thus higher 
conductivity facilitating dopamine/dopamine-o-quinone redox re
actions [48], but also to the presence of sp2 carbon impurities, whose 
increased content was confirmed in as-grown BDD4000 and BDD8000 by 

Raman spectroscopy (see Fig. S2). The impact of sp2-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]. 

Similar trends, i.e., a decrease in EpA along with an increase in IpA 
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 EpA 
occurred within a much narrower potential range (from +558 mV to 
+408 mV) and EpA even remained constant for electrodes with B/C ≥
2000 ppm, and (ii) a difference in the IpA intensity of only ~17% be
tween CM polished BDD500 and BDD8000 was discerned. In contrast to as- 
grown electrodes, a cathodic peak is clearly developed on all CM pol
ished 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’, 
ΔEp and |IpA/IpC| ratio (Table 4), improved with increased doping levels. 
Lower ΔEp values, and thus faster HET kinetics, were recognized on CM 
polished BDD of higher B/C ≥ 2000 ppm which is related to the greater 
content of electroactive sites, i.e., boron atoms and sp2 carbon spots, 
accelerating dopamine redox reaction. It has been previously postulated 
that the more sp2 carbon present on the BDD surface, the larger the 
dopamine adsorption is, which consequently manifests in a smaller ΔEp 
[61]. Obviously HET kinetics of dopamine is more sensitive to boron 
doping level and sp2 carbon content being accelerated with their in
crease, than HET kinetics of Fe(CN)6]3–/4–. 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 Table 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 sp2 carbon sites, differ
ences gradually diminish resulting in much more comparable dopamine 
responses, most visibly on BDD8000, regardless of the surface micro
structure (as-grown vs. CM polished). 

3.5.2. Square-wave voltammetry 
Clearly, CV experiments revealed the enhanced electrochemical 

performance of CM polished BDD electrodes. To verify that such a sig
nificant boost also translates into improved analytical parameters 
essential for the development of electrochemical sensors, further vol
tammetric experiments were performed with as-grown and CM polished 
BDD500 and BDD4000 electrodes. These four electrodes were selected to 
act as representatives of electrodes with lower and higher boron and sp2 

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 ob
tained 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 Table 5. 

The widest LDR providing linear current responses for the entire range 
of dopamine concentrations (from 1.0 to 100.0 μmol L− 1) was only ob
tained on the CM polished BDD4000 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 vanillyl
mandelic acid [64]. Further, assessing both sets individually, higher 
doped BDD4000 electrodes provided lower LOD values, compared to 
BDD500 electrodes. Nevertheless, when the two sets are compared, CM 
polished electrodes certainly outperform both as-grown BDD electrodes, 
i.e., even CM polished BDD500 exhibits better electroanalytical charac
teristics than as-grown BDD4000 (see Table 4). Overall, the lowest LOD of 
0.23 μmol L− 1 and the highest sensitivity was achieved on CM polished 

Table 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 (ΔEp), and the 
ratio of anodic and cathodic peak currents |IpA/IpC|.  

Sample as- 
grown 

CM 
polished 

as- 
grown 

CM 
polished 

as- 
grown 

CM 
polished 

EpA (mV) ΔEp (mV) |IpA/IpC| 

BDD500 +840 +558 a– 501 a– 18.5 
BDD1000 +699 +480 a– 423 a– 16.8 
BDD2000 +537 +410 a– 353 a– 15.4 
BDD4000 +459 +408 447 351 19.4 14.9 
BDD8000 +414 +408 384 351 20.2 13.7  

a Values are not reported, as cathodic peak is absent in the recorded CVs. 
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BDD4000. Apparently, smoother surfaces with larger areas of exposed and 
thus available electroactive sites including boron atoms and sp2 carbon 
domains, whose effects were thoroughly discussed above, contribute to 
the superior electroanalytical performance of CM polished BDD elec
trodes. The achieved submicromolar LODs and LDR over two orders of 
magnitude for the CM polished BDD4000 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 Table S4. 

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 (BDD2000) exhibits a strong texture 
with component in the {011} and {111} orientation, confirmed 
by EBSD measurements.  

(ii) Raman spectroscopy revealed an increase in sp2 carbon content in 
BDD4000 and BDD8000 electrodes in comparison with lower doped 
BDD500-2000 electrodes, and importantly, CM polishing did not 
cause any increase in amount of sp2 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 BDD4000 and BDD8000 electrodes in comparison 
with as-grown layers. This effect can be explained by CM pol
ishing 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 conduc
tivity 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 uni
form 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 Y0 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 sp2 carbon in BDD4000 and BDD8000 layers. The higher 
values of Y0 and lower values of charge transfer resistance Rct of 
CM polished in comparison with as-grown layers can be assigned 
to increased surface boron concentration in BDD4000 and BDD8000 
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 ([IrCl6]2–/3– and 
[Ru(NH3)6]3+/2+) sphere is (nearly) reversible, independent on 
boron doping level and surface morphology. The HET kinetics of 
inner-sphere redox markers ([Fe(CN)6]3–/4–, dopamine/dopa
mine-o-quinone) is accelerating with increasing boron doping 
level, as recognized by decreased ΔEp values. A significant 
enhancement of HET kinetics (more pronounced for lowly doped 
films) has been recognized on CM polished BDD electrodes. For 
Fe(CN)6]3–/4–, the slightly higher amount of oxygenous groups on 
the CM polished surface, sp2 carbon content, and boron doping 
level have minor effect and the HET kinetics accelerates due to 
reduction in surface roughness leading to uniform surface con
ductivity. The HET kinetics of dopamine is more sensitive to 

Fig. 7. CVs of 1 mmol L− 1 dopamine in 0.1 mol L− 1 phosphate buffer pH 7.4 recorded on (A) as-grown BDD and (B) CM polished BDD electrodes: (──) BDD500, 
( ) BDD1000, ( ) BDD2000, ( ) BDD4000, and ( ) BDD8000, using a scan rate of 0.1 V s − 1. (A colour version of this figure can be viewed online.) 

Table 5 
Analytical parameters of concentration dependences of dopamine in 0.1 mol L− 1 phosphate buffer of pH 7.4 obtained by SWV using optimized parameters, with 
calculated LOD values.  

BDD electrode LDR Slope Intercept R LOD 

(μmol L− 1) (nA μmol L− 1) (nmol L− 1)  (μmol L− 1) 

As-grown 
BDD500 6.0–20.0 4.9 ± 0.4 − 0.020 ± 0.003 0.9899 1.82 

20.0–100.0 11.8 ± 0.7 − 0.133 ± 0.032 0.9931 
BDD4000 2.0–10.0 3.7 ± 0.2 − 0.004 ± 0.001 0.9940 1.06 

10.0–80.0 6.8 ± 0.2 − 0.044 ± 0.006 0.9984 
CM polished 
BDD500 4.0–10.0 3.6 ± 0.2 − 0.008 ± 0.001 0.9964 0.84 

10.0–80.0 11.2 ± 0.4 − 0.086 ± 0.006 0.9976 
BDD4000 1.0–100.0 52.6 ± 1.1 − 0.020 ± 0.004 0.9987 0.23  
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boron doping level and sp2 carbon content being accelerated with 
their increase.  

(vii) Electroanalytical characteristics estimated for dopamine in 
phosphate buffer revealed that BDD500 and BDD4000 CM polished 
electrodes outperform BDD500 and BDD4000 as-grown electrodes. 
The lowest LOD of 0.23 μmol L− 1, the widest linear dynamic 
range and the highest sensitivity was achieved on CM polished 
BDD4000 electrode. 

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 kinetics for inner-sphere redox markers ([Fe(CN)6]3–/4– and 
dopamine) and higher values of double layer capacitance. However, CM 
polished surfaces presumably contain uniformly distributed charge 
carriers as a result of continuous BDD growth during the 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 the electrochemical and 
electroanalytical characteristics. The other major effect influencing 
electrochemical properties includes increased number of charge car
riers, represented by boron atoms, and eventually sp2 carbon in BDD4000 
and BDD8000 films. 

To conclude, CM polishing or other advanced diamond polishing 
methods [32] seem to be a very effective way for altering the electro
chemical properties of BDD. Further studies are needed to evaluate their 
fouling resistivity, efficacy in productivity of hydroxyl radicals, possi
bilities of local surface structuring, and surface termination to extend 
their possibilities in (bio)sensing, incineration of organic compounds 
and electrocatalytic applications. 

CRediT authorship contribution statement 

M. Zelenský: Writing – original draft, Investigation, Visualization. J. 
Fischer: Methodology, Funding acquisition. S. Baluchová: Investiga
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voltammetric approach to the detection of primary bile acids in serum samples, 
Bioelectrochemistry Amst. Neth. 134 (2020), 107539, https://doi.org/10.1016/j. 
bioelechem.2020.107539. 

[28] E.L.H. Thomas, G.W. Nelson, S. Mandal, J.S. Foord, O.A. Williams, Chemical 
mechanical polishing of thin film diamond, Carbon 68 (2014) 473–479, https:// 
doi.org/10.1016/j.carbon.2013.11.023. 

[29] E.L.H. Thomas, S. Mandal, E.B. Brousseau, O.A. Williams, Silica based polishing of 
100 and 111 single crystal diamond, Sci. Technol. Adv. Mater. 15 (2014), 035013, 
https://doi.org/10.1088/1468-6996/15/3/035013. 

[30] A. Peguiron, G. Moras, M. Walter, H. Uetsuka, L. Pastewka, M. Moseler, Activation 
and mechanochemical breaking of C–C bonds initiate wear of diamond (110) 
surfaces in contact with silica, Carbon 98 (2016) 474–483, https://doi.org/ 
10.1016/j.carbon.2015.10.098. 

[31] G.M. Klemencic, S. Mandal, J.M. Werrell, S.R. Giblin, O.A. Williams, 
Superconductivity in planarised nanocrystalline diamond films, Sci. Technol. Adv. 
Mater. 18 (2017) 239–244, https://doi.org/10.1080/14686996.2017.1286223. 

[32] C. Xiao, F.-C. Hsia, A. Sutton-Cook, B. Weber, S. Franklin, Polishing of 
polycrystalline diamond using synergies between chemical and mechanical inputs: 
a review of mechanisms and processes, Carbon 196 (2022) 29–48, https://doi.org/ 
10.1016/j.carbon.2022.04.028. 

[33] F. Silva, A. Gicquel, A. Tardieu, P. Cledat, Th Chauveau, Control of an MPACVD 
reactor for polycrystalline textured diamond films synthesis: role of microwave 
power density, Diam. Relat. Mater. 5 (1996) 338–344, https://doi.org/10.1016/ 
0925-9635(95)00428-9. 

[34] C. Wei, A.J. Bard, M.V. Mirkin, Scanning electrochemical microscopy. 31. 
Application of SECM to the study of charge transfer processes at the liquid/liquid 
interface, J. Phys. Chem. A 99 (1995) 16033–16042, https://doi.org/10.1021/ 
j100043a050. 

[35] Y. Wang, J. Lin, R. Zong, J. He, Y. Zhu, Enhanced photoelectric catalytic 
degradation of methylene blue via TiO2 nanotube arrays hybridized with graphite- 
like carbon, J. Mol. Catal. Chem. 349 (2011) 13–19, https://doi.org/10.1016/j. 
molcata.2011.08.020. 

[36] R.S. Nicholson, Theory and application of cyclic voltammetry for measurement of 
electrode reaction kinetics, Anal. Chem. 37 (1965) 1351–1355, https://doi.org/ 
10.1021/ac60230a016. 

[37] A.J. Bard, L.R. Faulkner, in: Electrochemical Methods: Fundamentals and 
Applications, second ed., Wiley, New York, 2001. 

[38] J.J. Watkins, H.S. White, The role of the electrical double layer and ion pairing on 
the electrochemical oxidation of hexachloroiridate(III) at Pt electrodes of 
nanometer dimensions, Langmuir 20 (2004) 5474–5483, https://doi.org/10.1021/ 
la0496993. 

[39] J.A.N. Gonçalves, G.M. Sandonato, K. Iha, Characterization of boron doped CVD 
diamond films by Raman spectroscopy and X-ray diffractometry, Diam. Relat. 
Mater. 11 (2002) 1578–1583, https://doi.org/10.1016/S0925-9635(02)00103-6. 
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A B S T R A C T

A thorough study on sp3 to sp2 carbon conversion in undoped and boron-doped diamond (BDD) thin
(≈ 500 nm) layers leading to the desired sp2/sp3 carbon ratio and lateral distribution, which utilizes boron
atom incorporation and infrared (IR) material laser processing has been performed. Polycrystalline as-grown
(AG) or chem-mechanically polished (CMP) undoped diamond/BDD layers were investigated with respect to
boron content and laser wavelength (800, 1030 nm). Boron incorporation leads to an increase in IR optical
absorption and reduction of required energy fluence (𝐹 th ≈ 1 J cm−2) needed for sp3 to sp2 carbon conversion.
Raman spectroscopy was performed to identify carbon conversion stages and to tailor the ideal parameters for
other IR laser sources and required sp2/sp3 carbon ratio. Electrochemical parameters (𝛥𝐸p and 𝐼Ap/𝐼Cp ratio)
were obtained from cyclic voltammetry measurements of outer-([Ru(NH3)6]3+/2+) and inner-([Fe(CN)6]3−/4−)
sphere redox markers. Values of 𝛥𝐸p and 𝐼Ap/𝐼Cp are mainly influenced after conversion of 10% of sp3 to
sp2 carbon. This trend is most pronounced for the [Fe(CN)6]3−/4− redox marker, by decrease or increase of
these parameters on AG or CMP BDD electrodes respectively. Electrochemical findings were supported by
electrochemical impedance spectroscopy where 𝑅ct keeps the same trend as 𝛥𝐸p values and double layer
capacitance profoundly increases between 10 and 25% of surface conversion.
1. Introduction

Diamond as the hardest among natural materials on earth pos-
sesses several unique physical properties such as chemical inertness,
biocompatibility or high thermal conductivity while being an insulator
material. Boron is one of the most frequently used dopants to generate
conductive electrode materials due to its low charge carrier activation
energy of ∼0.37 eV. Boron doped diamond (BDD) electrodes are widely
used in electroanalysis thanks to their electrochemical properties such
as a wide potential window in aqueous solutions (∼ 3V), which is
caused by high overpotential for the hydrogen and oxygen-generating
reactions [1–3]. Other important advantages of BDD electrodes are
their exceptional resistance to (bio)fouling and the low capacitance of
the BDD layers, which leads to a stable and low background current [1,
3–6].

✩ J. Hrabovsky and M. Zelensky contributed equally to this work as first authors.
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The electrochemical, physical and optical properties of the BDD
electrodes depend on many factors such as dopant concentration, sp2

carbon content, surface termination or crystallographic orientation
[1–3,7–10]. Surface termination can significantly affect not only the
electrochemical properties of the BDD electrodes but also hydrophilic-
ity or hydrophobicity. The surface of BDD electrodes is usually
hydrogen-terminated following fabrication by chemical vapor depo-
sition (CVD), which is carried out in a hydrogen-rich atmosphere.
The H-terminated electrodes exhibit hydrophobic properties, higher
heterogeneous electron transfer kinetics (HET) and better conductiv-
ity than O-terminated BDD electrodes. O-terminated BDD electrodes
show slower HET kinetics for inner-sphere redox probes and many
organic compounds due to the presence of the oxygen functional groups
(–COOH, –C–OH, >C=O) possessing 𝜋-electrons interacting with the
ligand sphere [10,11]. Another important issue is the surface roughness
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and residual sp2 carbon content. Regeneration of BDD surface relies
on the application of high positive current densities/positive potentials
in the region of water decomposition leading to the generation of
HO⋅ radicals oxidizing the surface (thus converting it to O-terminated)
and adsorbed species [1–3]. Similar, to other carbon-based electrodes,
regeneration by polishing with alumina-based or diamond abrasives
removes adsorbed species, but also presumably leads to the removal
of sp2 carbon with attached oxygenous functionalities such as –COOH.
Polished surfaces possess similar physical and electrochemical prop-
erties as H-terminated BDD surfaces [12–14] without affecting the
surface topography. Surface roughness can be effectively reduced using
chemical mechanical polishing (CMP) for both types, ultra-thin poly-
crystalline and single crystalline BDD electrodes [15–17]. Previously,
we have shown that CMP BDD electrodes possess faster HET kinetics
in comparison with as-grown polycrystalline BDD and thus represent
an attractive material for sensor designing [17]. Differences are most
pronounced for low-doped films. The presence of boron atoms in
layers influences the conductivity, therefore BDD electrodes act as
semiconductor dielectrics for low boron concentrations ([B] ≤ 3 × 1020

atoms cm−3), whereas at higher concentration, above the mentioned
limit, exhibit predominantly metallic-like conductivity [8,18,19]. Dur-
ing CVD growth, the process of boron incorporation is accompanied
by sp2 carbon content inclusion in polycrystalline BDD electrodes. In
general, sp2 carbon ‘‘impurities’’ in BDD electrodes lead to the nar-
rowing of the potential window and an increase in capacitive current,
which may enhance HET kinetics and significantly affect adsorption
processes [9,20]. Since 2007 [21], a limited, but continuous effort to
understand the contribution of sp3 and sp2 carbon in BDD layers on
their electrical, electrochemical, and adsorption properties has been
carried out. Undoubtedly, sp2 carbon may represent the active sites
for adsorption and mediate oxidation processes with species formed at
sp3 carbon (e.g., HO⋅, ClO3⋅) [22,23], which is advantageous for the
electrocatalytic production of strong oxidants including ozone [20,24].
Other reports presenting the advantages of intentionally fabricated
hybrid sp2/sp3 carbon electrodes focused on their applications in
oxygen and pH sensing [25–27], limited reports exist on detection of
inorganic ions [20,28] and simple organic compounds including neuro-
transmitters [29–31]. In general, it is very difficult to control, spatially
and quantitatively, sp2 carbon content at grain boundaries during CVD.
This can be overcome by employing surface/volume laser treatment
which can convert sp3 to sp2 carbon in selected locations. Creation of
spots with sp2 carbon can be achieved, however some limitations exist
due to the laser type and optics used, such as irradiation spot size limit
(depends on the laser source and optics used), maximum applied laser
fluence of the system, etc. [28]. Previous works [25,26] were focused
on irradiation of undoped diamond at photon energies below the band
gap energy or BDD irradiation at laser wavelengths in the range of 300–
550 nm where absorption caused by boron dopants is negligible. This
required high laser fluences or repetitive laser treatment of samples,
which can cause significant damage to electrodes or induce the creation
of defects. Irradiation of thick layers of heavily doped BDD (metallic-
like samples) at 800 nm led to the creation of laser-induced periodic
surface structures (LIPSS), possessing high double layer capacitance
and charge storage capacity. This might be advantageous for the
fabrication of cell stimulation electrodes and energy storage such as
supercapacitors [32].

Obviously, hybrid sp2/sp3 carbon electrodes may benefit from the
synergic effect of increased charge storage, charged transfer kinetics
and adsorption of inorganic reactive species or organic molecules on
sp2 carbon phase, while keeping the physical and electrochemical
properties (e.g., mechanical stability, low background current, wide po-
tential window of the diamond phase). In a wider perspective, they may
enable the fabrication of electrochemical (bio)sensors with enhanced
sensitivity or selectivity thanks to targeted adsorption of certain com-
pounds (e.g., enzymes, nucleic acids), or in electrocatalytic activity for
advanced oxidation processes [28,33]. For these purposes, techniques
2

Fig. 1. Simplified experimental scheme of laser processing with (A) Gaussian and
doughnut-shaped laser beam (Astrella, 800 nm) and (B) uniform arrays using a galvo
scanner with a Gaussian beam (PHAROS, 1030 nm).

Table 1
Values of single pulse threshold fluence 𝐹 th, beam waist radius 𝑤0 and extinction
coefficient 𝑘 for the two used wavelengths, 1030 nm and 800 nm, obtained for BDD
samples with different concentrations of boron.

BDD [B] 𝐹 th,1030 𝑤0,1030 𝐹 th,800 𝑤0,800 𝑘1030 𝑘800 𝑟spot
B/C (ppm) 1021 cm−3 J cm−2 μm J cm−2 μm μm

AG 0 – 1.37 9.13 – – 0 0 8.7
AG 500 0.66 0.77 9.69 – – 0.107 0.062 12.5
CMP 500 0.58 0.95 9.73 1.10 2.83 0.107 0.062 11.9
CMP 1000 1.36 0.74 9.62 1.05 2.78 0.398 0.232 14.3
CMP 2000 1.95 0.52 9.59 0.78 2.61 0.689 0.439 17.3

are required to allow surface tuning with controlled distribution of
sp2/sp3 carbon possessing fit-for-purpose properties.

In this work, a methodology has been developed to precisely pattern
surface of thin (≤ 500 nm) as-grown (AG) and chemically mechanically
polished (CMP) BDD electrodes with sp2 carbon by IR femtosecond
lasers (800 and 1030 nm) for samples with different boron content.
Laser-induced sp3 to sp2 carbon conversion was performed in iso-
lated spots which cover the surface area from 0% to 100% of the
surface area. The morphology of created Gaussian/doughnut-shaped
surface structures (spots) using the highly deterministic femtosecond
laser processing was investigated and discussed based on the observa-
tions obtained with Raman spectroscopy and spectroscopic ellipsome-
try. Electrochemical properties were studied using cyclic voltammetry
(CV) of outer- and inner-sphere redox markers and electrochemical
impedance spectroscopy (EIS) to obtain a complex overview of the
influence of sp2 carbon on the electrochemical performance of the
fabricated hybrid sp2/sp3 carbon electrodes.

2. Experimental

2.1. Synthesis of polycrystalline BDD layers

Polycrystalline BDD and intrinsic undoped layers were deposited
on 2-inch conductive Si wafers using a 1.5 kW resonance cavity mi-
crowave plasma-enhanced CVD system (AX5010 from Seki Diamond
Systems) using well-established growth conditions similar to Refs. [17,
18]. Thickness of the layers were below ≤ 500 nm. Boron doping was
obtained by the addition of trimethylboron in the gas phase to provide
a B/C ratio ranging from 500 to 2000 ppm (Table 1). The set of the
studied samples consisted of ‘‘as-grown’’ electrodes deposited at B/C
ratios of 0 ppm and 500 ppm, and chem-mechanically polished elec-
trodes deposited at B/C ratios of 500 ppm, 1000 ppm and 2000 ppm.
Electrodes were prepared by the procedure described in our previous
study [17] and in more detail in Ref. [15], until RMS roughness was
reduced to ≤ 2 nm. The prepared electrodes are denoted as AG 0,
AG 500, and CMP 500, CMP 1000 and CMP 2000 throughout the
text. Following CMP, samples were dipped in HF (54%) to remove
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any residual colloidal silica polishing slurry. Both types of BDD-coated
wafers were then cut into suitable sizes (5 × 5 mm2 and 10 × 10 mm2)
for further investigations. After laser exposure and completion of all
characterization (spectral and electrochemical) measurements, selected
samples were exposed to a hot H2SO4 + KNO3 mixture to study the
stability of the sp2 carbon phase on the surface via Raman spectroscopy.

2.2. Laser surface modification

Laser irradiation and surface treatment were performed by a
PHAROS laser system (Light Conversion, 𝜆 = 1030 nm, 𝜏FWHM =
260 fs) and an Astrella laser system (Coherent, 𝜆 = 800 nm, 𝜏FWHM≈
0 fs). A general scheme of experimental setup is shown in Fig. 1A.
aussian pulses from the PHAROS laser were focused on the sample

urface at normal incidence by a plano-concave lens with focal distance
= 15 cm to obtain the dependence of damaged/modified area as a

unction of applied pulse energy 𝐸pulse. Raster scans on BDD surfaces
ere performed using a Galvo scanner (𝑓 = 16.3 cm) at a wavelength of
030 nm with samples placed in a focal position (see Fig. 1B). The peak
luence was the same for all scanned samples with different densities
f irradiation spots per unit area. The beam from the Astrella laser
Gaussian-shaped pulses) was spatially filtered by a pinhole (150 μm
iameter) in combination with a pair of lenses (𝑓 = 50 cm) and
ocused on the sample surface using a microscope objective (10×,

NA = 0.12). Doughnut-shaped pulses were generated from the initial
Gaussian pulses using an S-waveplate with a half-waveplate to control
the (azimuthal/radial) polarization state of the pulses (see Fig. 1A).

2.3. Characterization methods

Structural and chemical analysis was carried out by Raman spec-
troscopy at room temperature using a Renishaw InVia Raman Mi-
croscope at 488 nm (laser power of 6 mW). Spot characterization
was realized using a 50x objective. For the determination of boron
concentration [B] method I in the range from 1100 to 1500 cm−1

described in detail in Ref. [18] was used. Values for the sp2/sp3 carbon
ratios were obtained by fitting the Raman spectra, over the 1000 –
1700 cm−1 range, to derive curve/peak integrated area values using
Renishaw WiRe 3.2 software. Values were then used, according to [34],
to determine a layer quality factor 𝑓q indicating the sp2/sp3 carbon
ratio (see Table S1). Values of the extinction coefficient used in this ar-
ticle were taken from the experimental data obtained by spectroscopic
ellipsometry (SE) using the general Model I described in Ref. [18]
as the reported samples were prepared using the same conditions.
Laser-structured/modified surfaces were inspected using a confocal
laser-scanning microscope (Olympus OLS5000). The determination of
the laser-induced damage threshold was based on measurements of the
damaged spot area 𝑆, as a function of the applied laser pulse energy
𝐸0, using the D2 method [35,36]. This method is based on the following
relationship between 𝑆 and 𝐸0 for Gaussian beams:

𝑆∕𝑆eff =
ln(𝐸0∕𝐸th)

2
(1)

where 𝑆eff = 𝜋𝑤2
0 is the cross-sectional area of the beam focused on the

urface with 𝑤0 being the beam waist radius (the 1/e2 criterion) and
th is a pulse threshold energy, i.e. minimal energy needed to produce
isible modification on the sample surface. Consequently, the effective
pot area and the threshold energy can be extracted from the least
quare fit of a linear dependency 𝑆(ln(𝐸)). The peak threshold fluence
th can be calculated as 𝐹 th = 2𝐸th/𝑆eff. Note, the 𝐹 th value should
e the same for Gaussian and doughnut-shaped pulses [37].

Electrochemical analysis was performed using hexaammineruthe-
ium(II) chloride (Sigma-Aldrich, Germany), potassium hexacyanofer-
ate(III), and potassium chloride (Lach-Ner, Neratovice, Czech Repub-
ic). All chemicals were of analytical grade and were used without any
urther purification. Deionized water (Millipore Mili plus Q system,
3

Billerica, USA) with a resistivity of not less than 18.2 M𝛺 cm was
used to prepare all aqueous solutions. For CV measurements, a three-
electrode setup was used, consisting of an Ag/AgCl/3 mol L−1 KCl
reference electrode and a platinum wire as an auxiliary electrode (both
from Elektrochemicke detektory, Turnov, Czech Republic). Working
BDD electrodes were constructed by placing the sample in a Teflon
electrode body with rubber sealing. The exposed geometrical area of
the electrode was 𝑆geom = 3.5 mm2. CV measurements were performed
using a Palm-Sens potentiostat with PSTrace 5.8 software (PalmSens
BV, Houten, The Netherlands).

The apparent heterogeneous electron transfer rate constant k0
app

values were calculated from the peak potential difference of anodic and
cathodic peak 𝛥𝐸p estimated from CVs of 1 mmol L−1 [Fe(CN)6]3–/4–

nd [Ru(NH3)6]3+∕2+ recorded at the scan rate of 100 mV s−1 [38]. The
iffusion coefficients of 7.6 × 10−6 cm2 s−1 for [Fe(CN)6]3–/4– [39]
nd 5.5 × 10−6 cm2 s−1 for [Ru(NH3)6]3+∕2+ [40] were used for the
alculation. The rate constants are referred to as apparent ones, because
o correction for electric double-layer effects was made.

EIS measurements were carried out using an Autolab PGSTAT101
otentiostat with Nova 2.1 software (Metrohm Autolab B.V., Utrecht,
he Netherlands). Impedance spectra in 1 mol L−1 KCl in the pres-
nce of 1 mmol L−1 [Fe(CN)6]3–/4– were measured at a potential of
= +0.3 V. Amplitude of measurements was 10 mV over a frequency

ange from 100 kHz to 1 Hz. Data were fitted by equivalent circuits
depicted in Fig. S4) containing an ohmic resistance (𝑅ohm), constant
hase element (CPE) and charge transfer resistance (𝑅CT), and Warburg

impedance (𝑊 ) in the case Nyquist plots showed a significant part
of mass transfer control. Consequently, 𝑅CT and 𝑌 0 parameters were
evaluated. To normalize capacitance 𝑌 0, modified surface areas 𝑆real
were calculated from atomic force microscopy (AFM) measurements
used in our previous study [17] (the post-irradiation real surface area
increase was negligible as confirmed by confocal microscopy). For AG
0 electrodes, the same surface area difference as for AG 500 electrodes
was used as their surface roughness was similar. In calculations, 𝑆real
values of 0.0356 cm2 and 0.0350 cm2 were used for AG and CMP BDD
electrodes respectively.

3. Results and discussion

3.1. Modification threshold and surface morphology

In the case of transparent materials or materials with low ex-
tinction coefficients, ultrashort femtosecond laser pulses play a key
role in material processing due to the increased efficiency of non-
linear photoionization. For small band-gap materials, linear and non-
linear (multiphoton/tunnelling) photoionization is efficient enough to
reach critical electron density which results in observable irreversible
structural changes. For large band-gap materials, it is known that
photoionization is the mechanism that creates seed electrons, which,
upon absorbing laser light via inverse bremsstrahlung, initiate impact
(avalanche) ionization. The latter significantly contributes to free elec-
trons generation which results in optical breakdown. Diamond with
indirect (𝐸in

g = 5.49 eV [41]) and direct (𝐸dir
g = 7.3 eV [41]) bandgap

energies lies in an intermediate zone between materials with relatively
small bandgap energy (𝐸g ≤ 4.4 eV) and large-bandgap dielectrics such
as fused silica (𝐸g ≈ 9 eV) or YAG (𝐸g ≈ 8 eV [42,43]) and LuAG
(𝐸g ≈ 8.2 eV [44]) crystals. In [18] we showed that the optical bandgap
energy of CVD single crystal diamond fabricated in our lab was verified,
using spectroscopic ellipsometry, as 𝐸g = 5.58 eV, therefore we can
consider that both nonlinear photoionization and avalanche ionization
take place during material processing with ultrashort laser pulses.

For easier interaction of the incident radiation with diamond and
therefore a higher absorption rate, CVD grown diamond can be doped
with boron atoms. Boron doping results in an increase in absorption in
the infrared (IR) part of electromagnetic spectra due to the creation of
free carriers (holes) in the material [18,45]. The results summarized in
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Fig. 2. Areas of damaged spots produced on CMP 500 surface with femtosecond
(Astrela: 40 fs, 800 nm) pulses as a function of laser pulse energy. Lines represent
the least-square fits according to Eq. (1). Measured threshold energies, effective spot
radii 𝑤0, and threshold fluences (𝐹 th) are indicated for the double-ring structure (see
images in Fig. 3).

Table 1 showed that in this case the optical absorption then naturally
increases with increasing wavelength of light. This and favours laser
processing of BDD with radiation sources operating in the infrared
region of the spectrum, although at photon energies smaller than the
bandgap energy. This is a significant advantage compared to previous
works where 355 nm [26] and 532 nm [25] nanosecond laser sources
were used. These energies are also located in the wavelength range
below the optical bandgap energy of the undoped diamond but they
cannot be efficiently absorbed by free carriers to initiate the avalanche
process in BDD.

Initial Raman investigation confirmed boron incorporation into the
polycrystalline BDD layers from ≈ 0.6 × 1021 cm−3 (AG 500 and
CMP 500) to ≈ 2.0 × 1021 cm−3 (CMP 2000) (Table 1); i.e., above
the theoretical threshold of semi metallic/metallic type of conductivity
of 0.2 × 1021 cm−3 [19]. Further, all layers were sp3 carbon-rich
in composition, characterized by 𝑓q ranging from 0.95 (CMP 2000)
to 0.97 (AG 0) (Supplementary Information, Table S1). To verify the
influence of boron doping and/or surface defects in the BDD layers on
laser material processing, damage threshold measurements were per-
formed over a wide range of laser fluences and two regimes (single- and
multi-pulse irradiation) using two femtosecond laser sources operating
at 800 nm (40 fs, Gaussian/doughnut-shaped pulses) and 1030 nm
(250 fs, Gaussian pulses). Firstly, BDD samples were irradiated with
800 nm Gaussian pulses. The obtained dependencies of the affected
area as a function of the pulse energy are shown in Fig. 2 for single
and multiple (10×) pulse irradiation for sample CMP 500. Using optical
microscopy, a zone consisting of double-ring structure is observed for
most irradiation regimes, with an internal (Int) strongly modified dark
area and (Ext) a lighter surrounding ring (Fig. 3). Their radii (𝑤0) and
corresponding fluences (𝐹 th) are given in Fig. 2. The origin of this
double-ring structure is discussed further below.

Irradiated spots were studied using Raman spectroscopy and both
confocal and conventional optical microscopy techniques, which en-
abled detection of not only visual and morphological but also phase
changes on the surface. Raman spectrum of pristine, non-irradiated
BDD is shown in Fig. 3A (with associated images from optical and con-
focal microscopy) with characteristic diamond (1324 cm−1) and boron-
originated (1250 cm−1) bands. The observed feature at ≈ 1530 cm−1

is usually matched with the presence of transpolyacetylene (TPA) or
4

amorphous carbon [18]. A broad band between approximately 935 and
990 cm−1 is associated with silicon, from the underlying substrate, and
is also detectable for non-irradiated samples due to their low thickness
and a partial transmission (BDD samples with B/C ≤ 1000 ppm) of the
laser wavelength used.

From irradiated spots images and their corresponding Raman spec-
tra (Fig. 3), it follows that laser pulses penetrate and ablate the BDD
layer at sufficiently large fluences and produce almost rimless shal-
low craters (Fig. 3D–E). With respect to the used laser fluences, the
resulting craters may contain a residual amount sp2 carbon formed
by laser-induced conversion, shown in Raman spectroscopy by two
characteristic D (1352 cm−1) and G (1588 cm−1) bands together with
a background Si band (Fig. 3 spectra D), or solely the broad Si band
at maximal laser fluences used (Fig. 3 spectra E). With decreasing laser
fluence, the pulse energy is not high enough to remove/redeposit the
BDD layer material. Instead, it causes the protrusion of the modified
material above the initial surface which consists predominantly con-
sisting of the sp2 carbon (Fig. 3C and C*). The observed protruded
structure becomes smaller with decreasing pulse energy until its com-
plete disappearance for energy corresponding to 𝐸th(Fig. 3B). With
decreasing laser fluence toward 𝐸th, the thickness and the radius of
the sp2 carbon laser-created zone gradually decreases. Correspondingly,
Raman spectra show a gradual increased presence of silicon and boron
bands reaching a maximum at the point where the response is similar
to non-irradiated BDD when the pulse energies of 𝐸 < 𝐸th. Analogous
behaviour has been observed using multiple pulse irradiation (Fig. 2)
followed by a decrease in threshold fluence from 𝐹 S

th,800 = 1.1 J cm−2

(single pulse) to 𝐹M
th,800 = 0.74 J cm−2 (10 pulses) and, moreover,

narrowing of the energy range for which only sp2 carbon was detected.
Additionally, doughnut-shaped laser pulses were used for irradia-

tion of BDD samples to demonstrate the flexibility of IR lasers to convert
carbon hybridization from sp3 to sp2 in selected areas of the surface.
Results are presented in Fig. 3 for both (C*) single pulse and (E) multi-
pulse irradiation. The main advantage of using doughnut-shaped pulses
is preservation of the central part of the laser spot which contains
pristine sp3 carbon. The chemical and structural composition of the
surrounding ring is then dependent on the laser fluence (as described
above) and can be selectively chosen. This shape flexibility of the
surface containing sp3 or sp2 carbon might be advantageous for tai-
loring surface adhesion properties for functionalization by attachment
of organic molecules or biopolymers (enzymes, nucleic acids) for the
construction of (bio)sensors.

Further, we have investigated the possibility of BDD surface struc-
turing by selective removal of laser-created sp2 carbon phase. Exposure
of the surface to a hot mixture of H2SO4 + KNO3 for 15 min resulted
in the removal of non-diamond carbon from the surface structure. The
surface itself remains morphologically altered but does not exhibit any
sp2 carbon Raman signal as can be seen in Fig. 3 (dashed lines). The
depth and the lateral size of the remaining craters are then proportional
to the applied pulse energy. Thus, the combination of laser treatment
and acid washing enables a diamond surface structuring prospective for
fabrication of electrodes with an enlarged area with desired patterns
applicable in (bio)sensing or advanced oxidation processes benefiting
from increased production of reactive species. Moreover, the main
advantage of this acid-cleaning method is that BDD electrodes can
be easily reactivated and reused. However, the surface characteristics
of acid-treated laser irradiated spots require further investigation to
confirm, for example, the presence, or not, of a stable ‘‘mono-layer’’
sp2 carbon phase, which is insensitive to Raman spectroscopy.

An additional effect to highlight is the appearance of a second
(external) ring around the original protruded spot following laser treat-
ment. Both, the internal and external zone are graphically marked
in Fig. 4 for AS 500 sample. The presented effect has even been
observed for pulse energies well below the obtained damage thresholds
of BDD samples. Interestingly, this effect does not cause any significant
changes in the morphology and the structure of the BDD layer as
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Fig. 3. Model examples of obtained Raman spectra for five characteristics regimes with respect to increasing laser fluence (left) and the corresponding optical and confocal images
of the created sp2 carbon spots on CMP 500 sample. The Raman spectra are presented for the samples directly after irradiation (solid lines) and after acid cleaning (dashed lines).
Fig. 4. Areas of the damaged spots produced on AG and CMP diamond surfaces with
different boron content with femtosecond (PHAROS: 250 fs, 1030 nm) laser pulses as a
function of pulse energy. Lines represent least-square fits according to Eq. (1). Measured
threshold energies, effective spot radii (𝑤0), and threshold fluences (𝐹 th) are indicated.
Confocal images on the right represent the laser-modified spots on the studied AG and
CMP diamond surfaces using a Galvo scanner at the same laser fluence, 𝐹 = 4 J cm−2.

can be seen in Fig. 3A. A similar double structure was observed for
both wavelengths 800 and 1030 nm wavelengths (see Figs. 2 and
4). The corresponding plots of the dependence of the external ring
area on the applied pulse energy exhibit practically the same exper-
imental parameter of the beam waist as compared to that obtained
from fitting the internal pattern characterized by material protrusion.
On the example of Astrela laser (800 nm), it is also visible for both
single pulse (𝑤S = 2.83 μm, 𝑤S = 2.74 μm) and for multiple
5

0,Int 0,Ext
Fig. 5. The threshold fluences 𝐹 th (left) for CMP and AG samples and the
corresponding extinction coefficients (right) for two used wavelengths, 800 and
1030 nm.

pulse (𝑤M
0,Int = 2.84 μm, 𝑤M

0,Ext = 2.86 μm) irradiation regime. Dam-
age thresholds were then estimated as 𝐹 th,800 = 0.49 J cm−2 for
the single pulse and 𝐹 th,800 = 0.34 J cm−2 for 10-pulses irradiation.
Note, diamond is a transparent material at 800 nm, and BDD samples
with a low boron content exhibit low values of extinction coefficient
(see Table 1) as was observed in our previous study [18]. Using
the known value of the extinction coefficient, we can calculate the
exact value of the penetration depth as a function of boron content,
which is certainly larger than the sample thickness for materials with
B/C ≤ 500 ppm (Figure S1). Thus, combining the previous findings,
it can be confidently concluded that the external modification ring
can be assigned to structural modification of the silicon substrate
as the available literature data at 𝜆 = 800 nm refer to the silicon
threshold values of annealing (𝐹 ann = 0.55 J cm−2) and modification
(𝐹mod = 0.26 J cm−2) [46]. A similar observation has been made for
𝜆 = 1030 nm (see Fig. 4), where results were compared with the cor-
responding threshold fluences of modification (𝐹mod = 0.226 J cm−2)
and melting (𝐹mod = 0.408 J cm−2) of silicon obtained using a similar
laser source [47,48].

Boron incorporation into the BDD layers considerably increases the
optical absorption as illustrated in Fig. 5. For samples grown with
B/C ≥1000 ppm, the incident light is completely absorbed within the
BDD layer (penetration depth is smaller than the layer thickness, see
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Fig. 6. Confocal images of the laser-modified spot arrays on CMP 500 produced by
irradiation with single shot per spot (1030 nm, Gaussian pulses) at a laser fluence of
4 J cm−2 for the increasing sp2 carbon area fractions of 1, 5, 10, 50 and 100%.

Figure S1). Thus, there is no significant change in the silicon substrate
as was observed previously for the low-doped boron samples. This
enhanced absorbance causes a decrease in threshold fluence 𝐹 th as
a function of boron concentration for both used wavelengths. Also,
threshold fluence decreases with increasing light wavelength for a
constant boron concentration (Table 1). Irradiated BDD layers were
further analysed with respect to the initial surface quality (CMP vs.
AG). A slight decrease was observed in the threshold fluence for the AG
compared to CMP samples, which was attributed to the higher surface
roughness and/or a higher concentration of surface defects due to the
polycrystalline character of AG samples. The derived parameters of the
threshold fluences and the beam waist radii for both 800 nm (Fig. 2)
and 1030 nm (Fig. 4) are given in Table 1.

Obtained results allow improved tailoring of the sp2/sp3 carbon
ratio on the BDD surface at relatively low laser fluences. Compared
to previous studies [25,26] this is enabled by boron incorporation
allowing an increase in laser energy absorption and thus a reduction
in the required energy needed for surface processing. Fig. 4 shows
the difference between modified spots produced by a Galvo scanner
(𝑓 = 16.3 cm, 𝑤0 = 13.5 μm) at a constant laser fluence of 4 J cm−2

(1030 nm, 250 fs), which was for undoped diamond (AG 0) barely
sufficient to observe sp2 carbon formation on the surface but was
sufficient enough to produce relatively large areas of sp2 carbon on
BDD samples with measurable boron concentrations.

Using these conditions, a set of electrodes with different concen-
trations of boron for electrochemical analysis were prepared using a
synchronized Galvo scanner with different ratios of sp3 to sp2 carbon
converted surfaces: 0.0, 0.1, 1.0, 5.0, 10, 25, 50 and 100%. This
percentage factor was defined as the ratio between the sum of derived
spot areas of radius 𝑤0 = 13.5 μm (Galvo scanner) per unit electrode
area and was varied by changing the centre-to-centre distances between
the adjacent irradiation spots from ∼763 μm (0.1% surface conversion)
to ∼14 μm (100%). Illustrative sections from confocal images of the
fabricated CMP 500 electrodes (5 × 5 mm2) with various sp2 carbon
area friction are shown in Fig. 6.

3.2. Electrochemical characterization of BDD electrodes

The electrochemical characterization of laser-irradiated BDD elec-
trodes with the different percentages of the converted surface from sp3

to sp2 carbon (0, 0.1, 1, 5, 10, 25, 50 and 100%) was performed to
confirm the presence and stability of the sp2 carbon sites on the surface,
to identify the limits of alteration of the electrochemical properties
from pure sp3 carbon electrodes to hybrid sp2/sp3 carbon and finally to
completely sp2 carbon electrodes. For this purpose, the difference of po-
tentials of the anodic and cathodic peaks (𝛥𝐸p) and the ratio of anodic
to cathodic peak currents (𝐼Ap/𝐼Cp) reflecting HET kinetics of redox

−1
6

reactions were evaluated from CV measurements of 1 mmol L inner-
Fig. 7. Cyclic voltammograms of 1 mmol L−1[Fe(CN)6]3–/4– for (A) AG 500 and (B)
CMP 500 electrodes with sp2 carbon area fraction: 0% (black, – –), 10% (red, ⋅⋅), 25%
(blue —), 50% (cyan, –⋅–), and 100% (magenta,–⋅⋅–). Supporting electrolyte 1 mol L−1

KCl, scan rate 0.1 V s−1.

Table 2
Values of peak potential difference of anodic and cathodic peak 𝛥𝐸p estimated from CVs
of 1 mmol L−1 [Fe(CN)6]3–/4– and [Ru(NH3)6]3+/2+ recorded on all AG and CMP BDD
electrodes with laser-induced sp3 to sp2 carbon (sp2/sp3-C) conversion ranging from
0% to 100% (first column) of the surface area. CV: supporting electrolyte 1 mol L−1

KCl, scan rate 0.1 V s−1.
[Fe(CN)6]3–/4– [Ru(NH3)6]3+/2+

𝛥𝐸p (mV) 𝛥𝐸p (mV)

sp2/sp3-C AG AG CMP CMP CMP AG AG CMP CMP CMP
(%) 0 500 500 1000 2000 0 500 500 1000 2000

0.0% – 429 120 93 81 165 72 60 60 60
0.1% – 315 114 93 75 240 84 66 60 60
1.0% – 375 –a 90 81 201 63 60 60 57
5.0% – 261 117 93 84 186 66 60 57 57
10% – 585 135 96 90 144 69 60 60 63
25% 723 477 129 120 120 99 66 60 60 57
50% 447 393 195 105 408 72 60 60 57 57
100% 297 423 321 258 405 60 60 60 60 57

aElectrodes were broken during measurements.

([Fe(CN)6]3–/4–) and outer-sphere ([Ru(NH3)6]3+∕2+) redox markers in
1 mol L−1 KCl. The potential window used during the CV was chosen
to avoid water electrolysis reactions leading to hydrogen/HO⋅ radical
formation at the negative/positive potential limit. Thus, prevention
of surface oxidation/reduction was assured as well as protection of
sp2 carbon spots which could be damaged by HO⋅ radicals formed on
the BDD surface [32,49,50]. For a broader investigation, the charge
transfer resistance (𝑅ct) and the capacitance values (𝑌0) were obtained
by EIS in 1 mol L−1 KCl in the presence of 1 mmol L−1 [Fe(CN)6]3–/4–.

Obtained 𝛥𝐸p values for [Fe(CN)6]3–/4– and [Ru(NH3)6]3+∕2+ are
summarized for all electrodes in Table 2, their recalculation by the
Nicholson method [38] to apparent heterogeneous electron transfer
rate constant 𝑘0

app values is reported in Table S2 for all tested inorganic
redox markers and Table S3 reports on 𝐼Ap/𝐼Cp values. Illustrative
CVs for [Fe(CN)6]3–/4– are for CMP and AG 500 electrodes depicted
in Fig. 7. The CVs recorded on other BDD electrodes are depicted in
Supplementary information (Figure S2 for [Fe(CN)6]3–/4–, Figure S3
for [Ru(NH3)6]3+∕2+). In general, for sp2 carbon area fraction from 0%
to 25% 𝛥𝐸p values and 𝐼Ap/𝐼Cp ratio did not hold any visible trend.
Thus, 25% of sp2 carbon area presented a threshold; a higher area
percentage of sp2 carbon influenced significantly the electrochemical
behaviour of the hybrid sp2/sp3 carbon electrodes, and, naturally
dominated their behaviour for 100% area conversion. This is a surpris-
ingly high value when the effect of sp2 carbon on the electrochemical
properties of diamond electrodes is considered. The key role in their
alteration play oxygen functionalities [51,52] and increased adsorption
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on sp2 carbon-rich domains, as adsorption of intermediate species
favours electrocatalytic processes including hydrogen/oxygen evolu-
tion reaction limiting the potential window. Thus, BDD electrodes with
higher sp2/sp3 carbon ratio possess narrower potential window, higher

etability, and increased double layer capacitance in comparison with
DD electrodes with minimal sp2 carbon content [9,20,24,33]. How-
ver, most of the published studies refer to properties of heterogeneous
iamond electrodes with sp2 carbon present in intentionally fabricated
iamond nanostructures [30,53] or at the crystallite grain boundaries,
hus being relatively uniformly distributed over the entire surface as
esult of the film growth at steady conditions during CVD [33,54,55].
mportantly, both boron incorporation and sp2 carbon formation is
irectly linked to carbon/hydrogen ratio (with higher B incorporation
or higher C/H ratio) and film morphology [33,54–56], which com-
licates the interpretation of observed electrochemical and electronic
haracteristics of hybrid sp2/sp3 carbon electrodes. Typically, signifi-
ant changes (increase of background current, narrowing of potential
indow, changed HET kinetics of redox markers) have been reported
ven for minimal sp2 carbon content in comparison with pure BDD
lectrodes [9,24]. However, quantitation of sp2 carbon in bulk sp3

arbon is problematic, thus the studies typically operate with C/H
atio used during deposition (typically altered from 0.5% to 3%). Laser
rradiation enables located treatment of diamond surfaces and dramatic
ncrease of double layer capacitance or faster HET kinetics of redox
arkers have been reported [25,32]. However, in these studies either

he entire surface [32] or its substantial fractions (increase of effective
urface area by 41.7% reported in [25]) were laser-textured. Our results
evealed that sp2 carbon content does not influence significantly the
lectrochemical characteristics of studied BDD electrodes up to 25% of
rea fraction, corresponding to sp2 carbon spot radius of about 13.5
m and spot centre-to-centre distance of 46 μm. The reason could be

(i) spatial distribution, and (ii) the character of sp2 carbon formed by
laser-induced transformation. Obviously, the electrochemical activity of
the hybrid sp2/sp3 carbon electrodes was up to this ratio dominated
by the activity of the BDD fraction. Thus, BDD presented the material
with higher electrochemical activity than the laser-formed sp2 carbon
concentrated in isolated spots and the diffusional overlap developed
during redox reactions of markers enabled masking of these sp2 carbon
areas with lower activity.

The effect of sp2 carbon fraction was well reflected in parameters
obtained on the undoped AG 0 electrode. In principle, it should be
non-conductive, as Raman shows that boron and sp2 carbon are not
present. However, 𝛥𝐸p values of 165 mV for [Ru(NH3)6]3+∕2+ showed
that even undoped diamond electrodes with no laser irradiation show
enough conductivity to produce a quasi-reversible redox signal for this
outer-sphere redox marker. Similar feature was reported for diamond
films deposited by hot-filament CVD [55]. This was most likely caused
by a trace amount of boron in the CVD reactor which was incorporated
into the layer during its growth, i.e., background levels of B in the
growth chamber, which is an unavoidable issue for reactors commonly
used to produce BDD films. Values of 𝛥𝐸p for [Fe(CN)6]3–/4– on un-
doped diamond could not be estimated, as the cathodic peak was not
developed. However, for both redox markers significant changes in
𝛥𝐸p values could be recorded when reaching 25% of area conversion.
For [Ru(NH3)6]3+∕2+ the most pronounced drop in 𝛥𝐸p values was
found between 10% and 25% of sp2 carbon area fraction (144 mV to
99 mV) with a further decrease to 𝛥𝐸p = 60 mV for 100%. This was
supported by the 𝐼Ap/𝐼Cp ratio, which was improved with increasing
sp2 carbon content from 0.46 (0% of area conversion) to 1.18 (100%).
𝛥𝐸p values for [Fe(CN)6]3–/4– started to decrease rapidly from 723 mV
to 297 mV with increasing sp2 carbon area fraction from 25% to 100%.
Simultaneously, 𝐼Ap/𝐼Cp ratio changed from 1.89 to 0.95. Obviously,
laser-introduced sp2 carbon increases the conductivity of the original
material (i.e. undoped diamond) possessing minimal conductivity, facil-
itates electron transfer, significantly for area fractions > 25%, resulting

3+∕2+
7

in quasi-reversible or even reversible character (for ([Ru(NH3)6] )
of the redox reaction. The change in electrochemical behaviour for sp2

carbon area fractions > 25% is obvious also from the data obtained
for AG and CMP BDD electrodes. In our previous study [17] we con-
firmed more uniform distribution of conductivity and thus faster HET
kinetics for CMP in comparison with AG BDD electrodes. These trends
were more pronounced for low-doped electrodes (CMP 500–2000 elec-
trodes) [17]. This difference is reflected in 𝛥𝐸p values for CMP 500
being lower than for and AG 500, naturally, more significantly for
[Fe(CN)6]3–/4– than for [Ru(NH3)6]3+∕2+ (Table 2).

When comparing 𝛥𝐸p values of both redox markers obtained on
AG 500 electrode, no clear trend is obvious for [Ru(NH3)6]3+∕2+ with
increasing sp2 carbon fraction. Low values from 84 mV to 66 mV
were obtained, common for this marker [12,57]. For [Fe(CN)6]3–/4–,
in general, higher values were obtained for sp2 carbon fraction ≤ 10%,
reaching values from 393 mV (AG 500 with 50% surface conversion) to
585 mV (AG 500 with 10% surface conversion) confirming decelerated
kinetics in the presence of sp2 carbon and confirming its significant
role in the electron transfer process. The variance of the values for sp2

carbon fraction ≤ 5% (261 mV–375 mV) relate to the construction of the
electrode with a relatively small geometric surface area exposed to the
measured solution. From the whole surface of electrode (𝑆 = 5×5 mm2)
nly 𝑆geom∼3.5 mm2 was in direct contact with the solution. So, it

is highly possible that every time the electrode is mounted to the
electrode body, a different number of sp2 carbon spots were in direct
contact with the solution. For instance, the difference in exposed spots
on electrodes with 1% surface laser irradiation could vary from 44 to
52 spots (e.g., a variation of about 18%).

For all studied CMP BDD electrodes (500 ppm, 1000 ppm,
2000 ppm) differences in HET kinetics with increasing sp2 carbon
fraction were much more pronounced than for AG BDD electrodes. For
[Fe(CN)6]3–/4–, 𝛥𝐸p values were rather constant for 0%−10% surface
irradiation (ranging from 75 mV (corresponds to 𝑘0

app = 0.017 cm s−1)
o 135 mV (𝑘0

app = 0.003 cm s−1), influenced rather by boron than
p2 carbon content. Relatively low values were obtained (e.g., from

120 mV to 81 mV for CMP 500 to 2000 with 0% or from 135 mV
to 90 mV for CMP 500 to 2000 with 10% conversion) confirming
accelerating HET kinetics with increasing boron content on smooth
CMP surfaces, dominantly governed by the sp3 carbon fraction. For
sp2 carbon fraction > 25% 𝛥𝐸p values increased significantly, reaching
values from 321 to 405 mV for CMP BDD 500 to 2000 with 100%
conversion. Obviously, HET kinetics were influenced by the sp2 carbon
fraction obtained by laser irradiation. The 𝐼Ap/𝐼Cp ratio (Table S3)
confirmed this with values around 1 for CMP BDD electrodes with sp2

carbon conversion less than 25% and, above this sp2 carbon fraction,
threshold values increased to around 1.2, thus indicating significant
quasi-reversibility of the system.

For [Ru(NH3)6]3+∕2+ as a surface insensitive probe, low 𝛥𝐸p values
in the range from 57 mV to 63 mV were obtained irrespective of the
boron and sp2 carbon content for all studied CMP BDD electrodes. The
𝛥𝐸p values are reflected in high 𝑘0

app values of 0.033–0.164 cm s−1

(Table S2), comparable with polycrystalline BDD electrodes [12,17].
The only obvious effect is that the low value of 57 mV was obtained on
CMP 1000 and 2000 electrodes, more frequently for those with higher
sp2 carbon fraction. Values lower than 59 mV are closely connected
with oxygen functional groups on sp2 carbon. In this case, the partial
negative charge of these groups promotes the adsorption of positively
charged [Ru(NH3)6]3+∕2+ [9]. Differences among electrodes with low
and high (> 25%) sp2 carbon area fraction are highlighted in the
𝐼Ap/𝐼Cp ratio, increasing from values of about 1 for CMP 0%–10%
electrodes to 1.16–1.22 for CMP 100% converted electrodes indicating
quasi-reversibility of the redox reaction.

Comparison of 𝛥𝐸p values for 100% sp2 carbon area fraction is
useful for characterization of its electrochemical activity. While for
[Ru(NH3)6]3+∕2+ values nearing to the theoretical value of 59 mV for re-
versible redox processes were obtained, for [Fe(CN)6]3–/4– 𝛥𝐸p values

ranged from 258 mV (CMP 1000) to 423 mV (AG 500). These values
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Table 3
Calculated and fitted 𝑌 0 and 𝑅ct parameters from EIS data for BDD electrodes with
aser-induced sp2 to sp3 carbon (sp2/sp3-C) conversion ranging from 0% to 100%
first column) of the surface area. EIS performed in 1 mol L−1 KCl in the presence
f 1 mmol L−1 [Fe(CN)6]3–/4– at a potential of 𝐸 = +0.3 V. Impedance of the CPE was
alculated as 𝑍Q =1/𝑌 0(j𝜔)n. The units of 𝑌 0 is μmho s−1 cm−2.

sp2/sp3-C AG 0 AG 500 CMP 500 CMP 1000 CMP 2000

(%) 𝑌 0 𝑅ct 𝑌 0 𝑅ct 𝑌 0 𝑅ct 𝑌 0 𝑅ct 𝑌 0 𝑅ct
(kΩ) (kΩ) (kΩ) (kΩ) (kΩ)

0.0% 13.2 959 11.5 65.5 –a –a –a –a 18.6 1.01
0.1% 3.84 744 13.7 33.8 –a –a 18.6 1.59 20.6 1.03
1.0% 9.44 621 22.6 24.9 –a –a 21.1 1.69 22.4 0.88
5.0% 9.80 710 11.8 19.4 17.3 2.74 22.1 2.28 38.6 1.01
10% 7.67 443 30.9 57.5 22.7 3.8 35.4 2 56.0 1.18
25% 13.0 253 53.1 23.4 37.4 5.14 57.1 4.13 –a –a

50% 56.2 20.1 114 19.5 79.4 20 121 9.35 216 28
100% 188 42.4 348 32.7 238 17.6 193 10 286 19

aElectrodes were broken during measurements.

reveal decelerated HET kinetics, ascribed on carbonaceous electrodes
to interaction of ligand sphere with 𝜋 electron systems present in
carbon-attached oxygen functionalities [11] or lower conductivity of
the material itself. Active carbon electrodes exhibiting fast HET kinetics
as polished glassy carbon (GC) [58] or edge plane pyrolytic graphite
(PG) [59] possess in general lower 𝛥𝐸p values. Higher values of 𝛥𝐸p
were obtained e.g., on basal plane PG [60]. The herein reported values
are usual for common carbon paste electrodes [61], some types of
GC [62,63] or freshly cleaved basal plane PG [60], where the electron
transfer is influenced by heterogeneity of the material or decreased
conductivity into the bulk of the material (for basal plane PG).

Further, EIS measurements were carried out to describe the influ-
ence of sp2 carbon on charge transfer resistance 𝑅ct and the parameter
𝑌 0 describing the capacitance of the double layer of all studied AG
and CMP BDD electrodes. Parameters are listed in Table 3 and were
evaluated from Nyquist plots of 1 mmol L−1 [Fe(CN)6]3–/4– in 1 mol L−1

KCl at 𝐸 = +0.3 V. Data were fitted by equivalent circuits containing
constant phase element (CPE) (Figure S4). Derived 𝑅ct values are
significantly lower for CMP 500, 1000, and 2000 electrodes than for
the AG 500 electrode, in agreement with our previous study [17] and
supported the herein reported results from CV measurements, showing
the superiority of CMP BDD surfaces in comparison with non-treated
AG BDD surfaces. For laser-treated electrodes, this was valid when the
sp2 carbon area fraction was less than 25%. With further increase in
sp2 carbon area fraction, 𝑅ct values, on average slightly decreased for
AG 500 (𝑅ct values range from 19.5 kΩ to 32.7 kΩ for electrodes with
25 to 100% sp2 carbon) but substantially increased for CMP electrodes
(from 1–4 kΩ for CMP 500–2000 electrodes with 0%–10% sp2 carbon,
and to 10–19 kΩ for CMP BDD electrodes with 100% sp2 carbon). This
indicated a slightly easier redox process on AG BDD electrodes, but a
hindrance on CMP BDD electrodes (which possessed low 𝑅ct values
prior to laser treatment), with increasing sp2 carbon fraction area.
For both CMP and AG BDD electrodes, relatively uniform 𝑅ct values
were obtained after 100% surface conversion confirming the same
character of the material with sp2 carbon governing the electrochemical
behaviour.

𝑌 0 values of all electrodes (Table 3) respect the number of charge
transfer carriers and thus are increasing with increasing boron content
when comparing CMP 500 to 2000 electrodes for the same sp2 carbon
area fraction (a trend recognized previously for AG BDD electrodes [3,
6,56]), and when comparing AG or CMP BDD electrodes with constant
boron content with increasing sp2 carbon area fraction. For the latter
case, the increase of 𝑌 0 is again more pronounced when the sp2 carbon
area fraction is greater than 25%. This indicates clearly that the laser-
irradiated spots with sp2 carbon contribute to the conductivity of the
material, similar to other BDD electrodes containing more uniformly
distributed sp2 carbon-rich sites [57,64].
8
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4. Conclusion

We have developed and demonstrated the universal process of
sp3 to sp2 carbon conversion in thin diamond layers (≈ 500 nm)
utilizing boron atom incorporation and IR laser material processing.
This approach enables the fabrication of diamond layers with desired
sp2/sp3 carbon ratios and their controlled lateral distribution. Advan-
tageously, the incorporation of boron atoms leads to an increase in
optical absorption in the infrared part of electromagnetic spectra and
therefore reduces laser beam energy (or laser fluence) required for sp3

to sp2 carbon conversion, which leads to a reduction in stress of the
BDD material and substrates used during laser processing. It has been
shown that sp3 to sp2 carbon conversion is possible at relatively low
laser fluences (𝐹 th ≈ 1 J cm−2) and in single pulse mode. This allows
ailoring of not only the surface sp2/sp3 ratio but also the shaping of

modified spots on the surface (using Gaussian and doughnut-shaped
beam profiles) with a relatively high resolution in the order of tens of
micrometers due to the deterministic nature of ultrafast laser excitation
of bandgap materials. In this way, advanced structuring including ring
structures with central part represented by sp3 carbon surrounded by
laser-formed sp2 carbon or networks of sp2 carbon could be fabricated.
Modified features on diamond surfaces were analysed using Raman
spectroscopy, enabling the identification of optimal parameters for
desired sp3 to sp2 carbon conversion. Additionally, this approach can
be applied to other laser sources operating outside the IR region.

The electrochemical activity of laser-treated electrodes was veri-
fied for both AG (deposited at B/C ratio 500 ppm) and CMP (B/C
= 500, 1000 and 2000 ppm) BDD electrodes with sp2 carbon area
fraction 0%–100%. For CMP electrodes, which possess uniform con-
ductivity and fast HET kinetic even for surface sensitive redox marker
[Fe(CN)6]3–/4– [17], electrochemical properties are not influenced by
laser irradiation when sp3 to sp2 carbon conversion < 25% of the elec-
trode area. This confirms the dominant role of boron as a charge carrier
at low sp2 carbon area fractions and relatively low electrochemical
activity of the laser-formed sp2 carbon. Above this value, sp2 carbon
spots start to play a dominant role in charge transfer decelerating HET
kinetics. This trend was not unambiguously seen for BDD electrode
AG 500 ppm from CV measurements, which exhibit relatively uniform
behaviour with varying sp2 carbon content. From EIS measurements
of CMP BDD electrodes the charge transfer resistance 𝑅ct increased
with increasing sp2 carbon area fraction, which reveals that sp2 carbon
spots disrupt the reported electrochemical properties improvements
gained by CM polishing. Further, significant increase in capacitance
of the double layer described by 𝑌 0 parameter was observed for both
CMP and AG electrodes confirming that sp2 carbon formed by laser
irradiation served as a charge transfer carrier. Finally, the ‘‘undoped’’
electrode AG 0 (with minimal boron content), also showed significant
electrochemical activity for sp2 carbon area fractions > 25%.

The gained knowledge will path the way to prospective applications
ncluding construction of biosensors benefiting from attachment of the
ioreceptor on the sp2 carbon phase and detection of the electroactive
roduct formed on this recognition component in the presence of the
nalyte on the sp3 carbon phase benefiting from it is fast HET kinetics
especially for CMP BDD) and fouling resistance. In wider perspective
ybrid sp2/sp3 carbon devices with patterned sp2 carbon pathways

could be also tested in neuroscience for controlled neuron culturing on
this carbon phase. This might be useful for fabrication of devices for
real-time monitoring of neurochemical and electric activity of neurons
or fabrication of neural interfaces for bidirectional signal transduction
for prostheses.
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