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A B S T R A C T

There is an urgent need for an effective and economically viable increase in electrochemical performance of boron-doped diamond (BDD) electrodes that
are used in sensing and electrocatalytic applications. Specifically, one must take into consideration the electrode heterogeneity due to nonhomogenous boron-
dopant distribution and the removal of sp2 carbon impurities saturating the electrode, without interference in material integrity. In this work, authors describe a
detailed study on electrochemical performance and the enhancement of electrochemical active surface area in the BDD electrodes that have been pretreated
via chemical-assisted mechanical lapping.

The effect of lapping on both surface chemistry and oxidation processes at the BDD surface was assessed by means of chronovoltammetry, instantaneous
impedance monitoring, and X-Ray photoelec-tron spectroscopy. Next, atomic force microscopy and scanning electron microscopy were employed to produce
data on spreading resistance and surface geometry, respectively.

While the analyzed interactions are very complex and multi-level, authors suggested that the main observed effect was due to the removal of non-diamond
carbon impurities from the electrode surface, decreased grain size, and heterogeneous conductivity. Short-duration pretreatments were found to be an
effective route towards more efficient surface activation with negligible alterations in the diamond film structure. A prolonged pretreatment led to a decrease in
grain size and lowered contribution of (111) and (110) facets, which in turn influenced the electrode kinetics.

Keywords: boron doped diamond, electrode homogeneity, spreading resistance, impedance monitoring
1. Introduction

Recently, the electrochemical applications of boron-doped
diamond (BDD) electrodes attract much attention not only in
the field of electrochemistry, but also in other areas such as
functional materials, analytical and environmental chemistry,
biomedical and biological sciences. Since the properties of BDD are
combined with its inert surface characteristics, the BDD electrodes
display intriguing electrochemical features, inter alia, the widest
solvent window of all electrode materials in aqueous solutions, low
http://dx.doi.org/10.1016/j.electacta.2017.05.027
background and capacitive currents, reduced fouling and the
ability to withstand extreme potentials, while at the same time
retaining the excellent mechanical robustness. Thus, BDD is slowly
rising in prominence in the electrochemical arena, predominantly
where longevity and low maintenance are key attributes [1,2].

The electrode preparation step is often applied to remove sp2-
carbon impurities saturating the BDD electrode during the CVD
process [3,4], which can be found in particular, but are not limited
to, inter-grain regions [5]. Usually, the pretreatment of BDD
electrode surface for electrochemical measurements is carried out
via one or several of the following mechanisms: (I) mechanical
polishing and lapping; (II) acid washing and rehydrogenation; (III)
heat treatment; and (IV) electrochemical polarization [6–11]
(Supporting Information, Section I). These methods are often
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found to be destructive as they introduce stresses to the BDD film,
which may lead to the formation of cracks and film discontinuities.
The destructive nature of the pretreatment process depends on
many factors, such as growth method, film thickness and the
presence of sp2-carbon phase.

The numerous types of chemical and mechanical pretreatments
are characterized by distinctive disadvantages [12–16]. The final
surface finish and the level of interference into the material’s
physico-chemical properties greatly depends on the chosen
pretreatment method. This, in turn, affects the factors such as
grain size or oxidation of termination bonds [17], both being of key
interest to electrochemical performance of BDD electrodes. The
termination bonds not only substantially influence the electro-
chemical properties of diamond [18,19] but also factors such as
hydrophilicity or adhesion and durability of organic compounds
attached to the electrode surface [20,21]. For example, Bogdano-
wicz et al. [22] reported that the difference in anodic polarization
of even 0.2 V may lead to an almost complete detachment of
functionalized amine film from the electrode surface.

The numerous indirect analytical approaches have demonstrat-
ed the occurrence of heterogeneity of physico-chemical properties
within grain boundaries in polycrystalline BDD films [23,24]; the
resulting effect can be critical in cases when high performance is
expected in electrochemical applications. It is assumed that
polycrystalline boron-doped diamond surfaces exhibit heteroge-
neity in electron-transfer rates over the surface due to non-
uniform distribution of dopant throughout the film, with local
highly-doped sites of fast (reversible) kinetics and the slow sites
(irreversible) containing less dopant [25–27]. Recently, nanoscale
impedance microscopy (NIM) allowed the observation of differ-
ences in impedance modulus between the areas of different boron-
dopant concentration, which amounted to three orders of
magnitude between the grain boundaries and inter-grain regions
[5]. This phenomenon originates from the higher boron incorpo-
ration at the grain boundaries, which results in the much lower
charge transfer resistance. In addition, the preferential sp2-carbon
contamination in the inter-grain regions plays a significant role.
Based on the above mentioned results, it has been assumed that
the electrochemically active surface area is much smaller than the
geometrical surface area. As a consequence, large heterogeneities
of electric properties should be expected for high local current
densities at conductive regions [28,29], leading to the lowered
electrode efficiency and accelerated electrode aging. The effective
reaction rate constant strongly depends on the coverage of inactive
area. Furthermore, the heterogeneity of physico-chemical proper-
ties occurs at the level of particular grains. Szunerits et al. [30]
claim that the dopant level in particular grains varies which can
result in the two types of region, with different metallic and
semiconducting properties next to each other.

To the best of our knowledge, there has been no earlier
contribution to the discussion on the effect of chemical-assisted
mechanical lapping (CAML) on electrochemical properties of BDD
electrodes. The authors have proposed this particular pretreat-
ment technique as a possible route to increase the electrode’s
performance in a fast and effective way, taking into consideration
that the removal of sp- and sp2-hybridized carbon is much faster
than the removal of stable sp3 phase, while lapping itself does not
strongly affect the material integrity [31,32]. The CAML effect has
been studied with AC and DC electrochemical techniques as well as
various microscopic and spectroscopic tools. The presented work
demonstrates the changes in electrochemical properties of as-
prepared Si/BDD electrodes, while the applied pretreatment
technique is shown to be even more efficient in the case of
electrodes that have become degraded due electrochemical
fouling.
2. Experimental

The boron-doped diamond was synthesized in an MWPECVD
system (SEKI Technotron AX5400S, Japan) on p-type Si substrates
with (111) orientation. The seeding process included spinning of
thin film of DND seeding media by means of a spin-coater (Laurell
WS-400B, USA). The home-made DMSO-PVA-DND suspension
with nanodiamond concentration of 0.25% w/w in DMSO/PVA was
used in the experiments. The procedure for DND slurry preparation
has been reported elsewhere [33]. The selected substrates were
etched in hydrogen plasma for 1 min. The optimized power of
microwave plasma for diamond synthesis was kept at 1300 W.
Excited plasma was ignited by microwave radiation (2.45 GHz). The
total flow of gas mixture, containing 1% of the molar ratio of CH4–

H2, was kept at 300 sccm. Diborane (B2H6) was used as dopant
precursor, and the [B]/[C] ratio of boron level in the gas phase was
kept at 10 000 ppm. The used growth time of 6 h produced
microcrystalline hydrogen-terminated diamond films of ca. 2 mm
in thickness.

The Si/BDD electrodes underwent chemical-assisted mechani-
cal lapping on an own-designed lapping machine. Samples had
surface area of 1 cm2. The rotational speed of pad and carrier
(rotating in opposite directions) equaled to 40 rpm, while the down
pressure was 40 kPa. Samples were attached to the carrier with
silver paste and subjected to CAML for different time periods (t), i.e.
3, 10, 30, 80 and 120 min. The cloth was moistened at a rate of
100 ml h�1 with an alkaline colloidal silica solution. The size of
silica particles (Akasel, Denmark) was 50 nm in diameter. Buehler
40-7212 PSA polymer microcloth was used. Immediately after the
CAML pretreatment, samples were degreased in acetone with an
ultrasonic cleaner.

Selection of lapping parameters was based on a procedure
carried out for nanocrystalline diamond [34,35] and it might
require further optimization for different types of diamond-based
electrodes. According to Thomas et al. [34] this inexpensive and
efficient method is based on the chemical-assisted mechanism,
consisting of wet oxidation of the surfaces with the polishing fluid,
followed by the formation of Si(OH)4 passive layer and eventually
shearing silanol molecules with bonded carbon atoms from the
electrode surface. It is concluded that the lapping does not
significantly change the chemical composition of NCD surface, and
thus the graphite and graphite-related defects were not developed.

The chronovoltammetric and impedance measurements were
performed by means of an Autolab 302N potentiostat/galvanostat
(Ecochemie, The Netherlands). In the case of impedance measure-
ments, the system was expanded with PXIe-4464 and PXIe-6124
(National Instruments, USA) measurement cards for AC signal
generation and acquisition, respectively. The aforementioned cards
were operating in PXIe-1073 chassis. The measurements were
carried out in a three-electrode cell, with Si/BDD as a working
electrode, Ag|Ag2SO4 as a reference electrode (+0.273 V vs SHE),
and the platinum mesh as a counter electrode. The sample area
submitted to electrochemical investigations was 0.50 cm2; it was
limited by the geometry of electrochemical cell. The volume of
electrochemical cell was 50 ml. The Ag|Ag2SO4 reference electrode
was prepared in accordance with the methodology presented
elsewhere [36,37] in order to avoid chloride contamination.
Chronovoltammetry served as a tool to define changes in the
active surface area due to lapping. The scan rate was set between 5
and 100 mV s�1, while the polarization ranged from �0.6 to +1.2 V
vs Ag|Ag2SO4. A solution of 5 mM K4[Fe(CN)6] + 0.5 M Na2SO4 was
used as an electrolyte. Ferri/ferrocyanide remains the most often
used redox couple to investigate BDD electrodes, although a
number of sources fairly report its lack of reproducibility if
electrodes have different electrochemical history [38–40]. To avoid
it, a new electrode was used for each subsequent measurement.

http://mostwiedzy.pl
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Contact mode atomic force microscopy (AFM) and scanning
electron microscopy (SEM) were employed to characterize the
surface topography of BDD film. The SEM analysis was carried out
by means of S-3400N microscope (Hitachi, Japan) with a tungsten
light source. The secondary electron detector was used, which
operated under the accelerating voltage of 20 kV. The SEM images
of BDD surface were quantified using the program for data
visualization and analysis (Gwyddion, 2.40, Czech Republic) [41].
The AFM measurements were carried out using NTEGRA Prima
microscope (NT-MDT, Russia) with CTD-NCHR conductive probes
(Nanosensors, Switzerland). The parameters of the probes were as
follows: cantilever length (L) of 115–135 mm, force constant (k) of
23–225 N m�1, and the resonance frequency (f) of 225–610 Hz.
Based on the parameters of individual probes, the force of contact
was estimated to be 1.2 mN. The spreading resistance was
determined by measuring the current flowing through the
sample-tip contact due to the application of a constant bias
voltage equal to 50 mV. The quality and the type of probes used in
measurements are crucial for AFM measurements with simulta-
neous electrical characterization [42]. Initial validation revealed
best performance of diamond coated probes due to their resistance
to mechanical wear and relatively high conductivity [43]. The
additional information related to the probe selection for the
spreading resistance mapping is presented in Supporting Informa-
tion, Section II.

The influence of CAML pretreatment on the surface chemistry of
analyzed specimens was studied by using X-Ray Photoelectron
Spectroscopy (XPS) with Escalab 250 Xi (ThermoFisher Scientific,
United Kingdom). The aforementioned device employs Al K&
monochromatic light source, with a spot diameter of 650 mm. The
high-resolution spectra were recorded for C1s and O1s regions at
the energy step of 0.1 eV and a pass energy of 10 eV. In order to
normalize the obtained spectroscopic measurements, the X axis
(binding energy, BE) of XPS spectrum was calibrated in reference to
the peak characteristics of neutral C1 s (BE = 284.6 eV). The peak
deconvolution was performed by using Avantage software
provided by the manufacturer.

Irrespective of other conducted testing, the CAML pretreated
electrodes were subjected to Dynamic Electrochemical Impedance
Spectroscopy (DEIS) in potentiodynamic mode for the polarization
range from �1.5 to +2.5 V vs Ag|Ag2SO4 to verify the influence of
chemical-assisted mechanical lapping on the mechanism of
surface termination under anodic oxidation. The DEIS characteri-
zation was performed in 1 M H2SO4 (electrolyte) without any
Fig. 1. Change of surface roughness Sa, as a result of CA
additional preparations. The goal was to compare the obtained
DEIS results with those reported by the author in previous studies
[36,44]. The measurements were carried out for the frequency
range between 94 kHz and 7 Hz, and the sampling frequency of
204.8 kHz. A multisine perturbation signal was composed of 29
sinusoids with 8 points per decade. The peak-to-peak amplitude of
perturbation signal did not exceed 30 mV. The resulting signal was
sequenced with an analyzing window of 1 s in length, and
subjected to Short-Time Discrete Fourier Transformation. DC scan
rate during DEIS measurement was 1 mV/s, keeping system in
quasi-stationary conditions in the applied analyzing window
throughout the measurement. A detailed description of DEIS
analysis was presented elsewhere [45,46].

3. Results and discussion

Initially, the influence of CAML on the Si/BDD topography,
roughness and grain size was investigated by means of AFM. The
topography imaging was carried out in order to estimate the
geometric surface area. It was demonstrated that CAML causes an
apparent change in the geometric structure and surface roughness
of the analyzed samples. The average roughness (Sa), which was
used to quantitatively assess the surface roughness, is defined in
accordance with ISO 25178-2 as in Eq. (1):

Sa ¼ 1
MN

XM�1

k¼0

XN�1

l¼0

jz k:lð Þj ð1Þ

where M and N are dimensions of the scanned area (256 pixels
each in this study), and z(k,l) is the height of each pixel indexed by
the k and l coordinates.

Fig. 1 shows changes in sample roughness as a function of CAML
duration. The zero point corresponds to the reference sample
which has not been subjected to the process. The initial decline in
Sa is noticeable, which can be explained by the mechanical leveling
of height differences. For longer time periods (>100 min), this
decline is negligible.

However, in the case of heterogeneous samples, the estimate of
their actual surface geometry cannot be easily translated into the
electrochemically-active surface area. Several literature reports
[47,48] demonstrated that there are differences in the values of
electric parameters measured in different areas on the surface of
BDD electrode. For example, high discrepancies in the charge
ML, obtained on the base of AFM measurements.

http://mostwiedzy.pl
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transfer resistance were found that significantly reduce the real
reaction plane of the electrode.

In order to estimate the spatial distribution of regions
characterized by different conductivity, the spreading resistance
mapping was performed in parallel with topography imaging. In
the past, the application of mapping technique revealed the effect
of differences in conductivity on the efficiency of produced
electronic components [49] and the degree of corrosion attack
[50], where defining a relationship between the microscopic
surface structure, distribution of electrical field, and macroscopic
performance was of high importance [51]. A similar approach has
also been applied to elucidate the spatially-heterogeneous
electrical properties of hydrogen-terminated BDD electrodes
[25,52,53]. Thus, the distribution of spreading resistance may
constitute the important characteristic of heterogeneous
materials.

The results of spreading resistance mapping are depicted in
Fig. 2d-f. The significant spatial heterogeneity of the electrodes
was observed, with the variation of local conductivity of up to 3
orders of magnitude. The measurements confirmed the non-
uniform distribution of conductivity among the data sets of the
analyzed surface areas of Si/BDD film [5,52,53]. A noticeable
decrease in spreading resistance was observed at the crystallite
boundaries compared to the inter-grain regions, which is most
likely related to the difference in boron doping density.

Generally, in the case of BDD films there are many parameters
besides boron concentration that influence charge transport thus
conductivity like grain size distribution, specific structures of B
defects or the amount of conductive carbon [54–56]. However,
most of previous studies shows that varied boron concentration
Fig. 2. AFM topography maps for a) the reference sample, b) after 10 min of lapping, a
respective regions, revealing heterogeneity of electric properties of Si/BDD electrodes.
influences above mentioned microscopic parameters. Thus, it
provides higher conductivity modifying it directly or in-directly
[57]. With increasing boron concentration, a spread in the energy
of the localized states of boron impurity centers induces the
formation of an impurity band (with a band width of �0.2 eV for a
boron concentration of �1019 cm�3) and hopping conduction
through nearest-neighbors or more distant impurities takes place
[58]. Furthermore, other techniques like imaging STEM probe
acquiring an EELS spectrum, clearly shows an enrichment of boron
at the intergrain regions of 1-2 orders of magnitude, while it stays
relatively stable [59] at the diamond grains. That result support
normalized spreading resistance maps illustrated in Fig. 2.

On the other hand, defects caused by boron diffusion could also
be responsible for the observed conductivity variation. The
hydrogen atoms diffuse in the boron-doped diamond at a relatively
fast rate because they migrate as protons, with a low migration
energy (0.1–0.2 eV). Such protons are trapped by boron acceptors
which results in the formation of (B,H) complexes and the
passivation of boron acceptors by hydrogen [60]. The resulting
diamond films usually show in the Raman or FTIR hydrogen-
related local vibrational modes due to the presence of C��CHx at
the intergrain regions [61,62]. This effect is depth-limited and can
be eliminated by CAML pretreatment.

The binarization of images was performed to compare the
conductivity of samples for varying CAML durations, and different
pretreatment methods. Authors proposed to include an additional
parameter (i.e. the fraction of active surface x) in order to define
the surface area fraction at the nanoscale, which would be
expressed by the value of spreading resistance not higher than the
chosen threshold. The goal of this procedure was to estimate the
nd c) after 120 min of lapping; d-f) normalized spreading resistance maps of the

http://mostwiedzy.pl
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effect of non-uniform distribution of electrochemically-active
surface area, which depends on the assumption that the surface
area possessing the lowest resistance dominates the charge
transfer processes at the interface. The aforementioned assump-
tion is particularly appropriate in the case of processes limited by
high diffusion resistance or carried out over the short time scale,
which result in the apparent heterogeneity of rate constants [25].
Thresholds between 5 and 90% of the maximum recorded
spreading resistance were chosen, while the maximum registered
spreading resistance was close to 900 MV for each sample. The
results of the above-mentioned procedure are shown in Fig. 3.

It can be deduced that the duration of CAML pretreatment
results in the higher fraction of active surface x regardless of the
assumed threshold value. This relationship was only distorted for
the longest CAML duration of 120 min, which most likely occurred
due to the damage made to the electrode (a detailed discussion is
presented further). The fraction of highly conductive electrode area
increases with increasing boron-doping level, while still showing
high spatial heterogeneity [52,63,64]. The different degree of
heterogeneity is connected to inhomogeneous boron doping as
well as the variable work function or variable hydrogen content.

In general, the ability to prepare low-resistivity diamond thin
films stimulated the present research effort to characterize the
electrochemical activity of this material [65]. Local lowering of the
films resistivity gives rise to the relatively more ‘ideal’ voltam-
metric responses recorded at diamond thin-films. Next, the
variation of the voltammetric waveshape as a function of the
analyte concentration and as a function of the scan rate strongly
indicates that the electrodes themselves are significantly resistive
leading to the distorted voltammetric waveshape and subsequent
suppression of the peak heights, as compared to the Randles-
Sevcík equation at high scan rates and high analyte concentrations
[66]. Furthermore, the electrochemical formation of charge
carriers in the diamond particles, percolation theory, and charge
screening at the double layer, charge transport on diamond
particles depends not only on the intrinsic surface conductivity of
individual diamond particles but also particle-to-particle charge
transfer [67].

In order to verify AFM results on the electrochemical behavior
and the active surface area at the macroscale, cyclic voltammetry
was performed with presence of Fe(CN)64�/3�. Fig. 4a and b show
Fig. 3. Estimation of impact of CAML on fraction of active surface x on the base of dif
the normalized CV curves whose shape is changing as a result of
different scan rates. Based on the distance between the anodic and
cathodic peaks, it is apparent that the process is quasi-reversible
(see Table 1). Such scenario can be expected for the electrodes
characterized by the spatial heterogeneity of electric properties
[2,25,52,63]. The following relationship can be expressed with the
modified Randles-Sevcik formula (2) [68]:

ip;a ¼ 3:0 � 105na3=2Av1=2Dred
1=2c ð2Þ

where ip,a is the anodic peak current in amps, v is the polarization
sweep rate in V s�1, n is the number of electrons transferred during
the redox reaction, Dred is the diffusion coefficient of Fe(CN)64�, C is
a concentration in mol cm�3, and a = 0.5 is a transfer coefficient.
The value of theoretical diffusion coefficient equal to 6.67 � 10�6

cm2 s�1 was taken from literature data [69]. Due to the fact that
diffusion process undergoes on partially blocked electrodes
deviations in Eq. (2) are expected [70], and the obtained surfaces’
area can be treated as relative ones, used to relate them with AFM
data.

A linear ratio between ip,a and v1/2 was estimated (see Fig. 4c)
which allowed the determination of active surface area, A. The
variation of active surface area, estimated from Eq. (2), is presented
in Fig. 4d. It is apparent that initially the slope becomes steeper
over time. However, after the initial 10 min, it starts to decrease.
The applied CAML process led to a decrease in the geometric
surface area starting in the first minute of treatment, as observed in
the AFM study. In the case of short CAML durations, the opposite
effect was observed for the active area. The values of linear
correlation coefficient and slope for each investigated sample are
presented in Table 1.

The AFM and CV results allowed the evaluation of CAML effect
on the development of electrode active area. AFM measurements
allows for direct determination of conductive regions. On the other
hand, determination of active surface in electrochemical approach
is based on determination of overall currents, affected by electrode
heterogeneity. This problem was a topic of several theoretical
evaluations [22,71–74]. Parameters related to the blocking surface
and the lateral diffusion in the non-homogeneous transport layer
should be taken into consideration to obtain comparable data. Both
approaches confirmed a significant change in electric properties of
Si/BDD electrodes. The visible trends of changes detected via
ferent thresholds of the maximum recorded values of the local electric resistance.

http://mostwiedzy.pl


Fig. 4. Chronovoltammograms for CAML duration of a) 10 min, b) 120 min, obtained for Fe(CN)64�/3� oxidation/reduction process; c) the slope of ip,a = f(v1/2) function; d) the
change of active surface area on the base of eq. (2), a = 0.5.
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electrochemical approach and spreading resistance mapping
approach appear to be in agreement. The diversification was
primarily observed for long CAML treatments. Moreover, the
observed changes correlate to variation of surface roughness
(Fig. 1). While the local trends of spatial heterogeneity of
conductivity persist, the CAML effect is more general in nature
and it is most likely connected to the interference in material
structure and/or removal of surface contaminations grown during
CVD process [75]. On the other hand, the change of termination
type should not be considered to cause this effect because OT-BDD
possesses higher surface resistance than HT-BDD [6,76].

Studies on the depth incorporation of boron in the BDD
electrodes, carried out by means of elastic recoil detection and
secondary ion mass spectroscopy, have led to the conclusion about
its uniform distribution among the highly boron-doped film,
regardless of doping level [77,78]. Simultaneously, a gradual
decrease in hydrogen concentration along the depth profile was
observed. Hydrogen affects the electrochemical performance and
increases conductivity through the increased hole conduction [79].
On the other hand, it can reduce the conductivity of boron-doped
diamond by forming acceptor-donor complexes with substitution-
ally-inserted boron [60].
Table 1
The potential difference between oxidation and reduction peaks registered at scan
rate of 5 mV/s and slope for Randles-Sevcik formula along with correlation
coefficient R2 obtained for each investigated sample.

t/min DE5mV/s/mV (ip,a/v1/2) slope R2

0 98 0.6927 0.999
5 102 0.7306 0.999
10 95 0.8130 1.000
30 104 0.8044 0.993
80 97 0.7042 0.998
120 137 0.5691 1.000
In order to reveal possible changes in the Si/BDD microstruc-
ture, the scanning electron microscope (SEM) studies were
performed. The SEM micrographs presented in Fig. 5 reveal the
flattening of BDD surface and a decrease in the crystallite size. The
size and distribution of crystallites was statistically averaged over
the area of 12 � 8 mm, with a 0.5 mm interval, on the scale from 0.5
to 2 mm. The relative surface area coverage was obtained by
multiplying the number of crystallites by their surface area. A
similar approach was previously reported by Bogdanowicz et al.
[80].

The surface of reference sample was mostly covered by
crystallites with the mean grain size ranging between 1 and
2 mm. As Si/BDD electrodes are lapped, the number of crystallites
larger than 2 mm drops down to zero, while the mean grain size
decreases by 0.5 mm. Eventually, 34 and 72% of surface area
becomes covered with grains not larger than ca. 0.5 and 1.0 mm in
size, respectively. The presented observation is supported by the
fact that under fixed growth conditions, the size of crystalline
facets increases with increasing film thickness. Therefore, the
lapping of BDD film may result in decreased grain size [81]. The Si/
BDD electrodes are characterized by higher electric conductivity at
the grain boundaries due to a difference in boron incorporation.
The application of CAML pretreatment results in the higher
fraction of inter-grain regions, which validates the influence of
microstructure on the electric properties of Si/BDD electrode at the
macroscale.

The thinning of BDD layer might not be a sufficient explanation,
while an increase in the surface conductivity appears to be of a
more complex nature. As-grown BDD samples mostly consist of
relatively large (111) and (110) faceted crystals as demonstrated in
this work by SEM, or by XRD which had been reported earlier by
Wang et al. [82]. The aforementioned planes have been visualized
in Fig. 5a–c with a light green color. It was observed that the
number of grains of specific crystallographic orientation gradually
decreases with increasing CAML duration. The SEM image analysis

http://mostwiedzy.pl


Fig. 5. SEM micro-images of boron-doped polycrystalline diamond surface after CAML: a) as-grown reference, b) 10 min, c) 120 min; d) Plot of grain size distribution of BDD
surface vs duration of CAML. Surface grain analysis was performed using Otsu's method of grain detection and filtering implemented in Gwyddion program.
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showed that the planes have been scratched first (long cracks along
(111) in Fig. 5b) and eventually removed, creating a rough
disordered surface (Fig. 5c).

Although the underlying mechanism is not well understood, the
existence of “soft” and “hard” grinding directions during polishing
or lapping is a recognized phenomenon that greatly affects the
diamond removal rates and depends on the properties of electrode
material because there may be only a few preferential grinding
directions for each face [83,84]. As a result, in “soft” directions the
surface possesses an optical finish, while the “hard” direction
leaves a rougher surface. The “soft”/“hard” removal rate depends
on the process conditions and vary between different studies, yet it
seems to be much higher for (100)-oriented crystals, making them
harder to wear down homogeneously [85]. Since boron incorpo-
ration differs between the grains of different crystallographic
orientation [64,86,87], the subsequent selective removal of (111)
and (110)-oriented crystals will to some extent correspond to
macroscopic electrochemical performance, lowering the electro-
chemically active surface area in the case of prolonged CAML
pretreatments.

The anisotropic wear in the aforementioned films was
previously reported by El-Dasher et al. [88]. The occurrence of
pits resulting from the mechanical force pulling out the surface
grains was also demonstrated [17,84]. The pits visible on the SEM
images were present at the grain boundaries in samples treated
with prolonged CAML. The presence of cavities and microchipping
in crystallites corresponds to a slight increase in geometric area
(see Fig. 1) and a decrease in the electrochemically-active surface
area reported earlier (see Figs. 3 and 4). Therefore, short-time
lapping procedure is typically applied [81,89].

Nevertheless, no cracks or discontinuities were found in the
analyzed BDD films, which means that Si substrate did not
interfere into the electrochemical system. This finding constitutes
a great advantage over other, more invasive pretreatment methods.
A comparison between CAML and the most commonly used
pretreatment method (acid washing/plasma hydrogenation) with
respect to the electrochemical active surface area is presented in
Supporting information, Section III and IV.

The X-Ray Photoelectron Spectroscopy analysis was carried out
in order to determine the changes in surface chemistry of Si/BDD
electrodes after CAML pretreatment. These studies were per-
formed for the energy range of C1s, O1s and Si2p3. High resolution
spectra for carbon 1s, as presented in Fig. 6, were deconvoluted
into five components that had been successfully used in previous
studies of Si/BDD electrodes with a similar doping level [36,90–93].
There are two dominant components in the case of the reference
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Table 2
Chemical composition of Si/BDD on the base of high-resolution XPS analysis in the
energy range of C1s, O1s and Si2p3.

BE/eV t/min

0 3 10 30 80 120

CC(1) 284.4 79.9 62.1 57.5 63.9 58.6 64.5
CC(2) 285.0 16.6 14.9 11.4 11.9 14.3 11.9
CO(1) 285.8 1.8 4.0 5.9 7.5 6.7 6.4
CO(2) 286.8 – 2.8 6.2 2.4 3.3 2.4
CO(3) 288.5 – 1.0 1.7 0.7 1.3 0.9
O * 1.7 13.3 15.2 12.2 14.0 12.2
Si 103.6 – 1.9 2.1 1.4 1.8 1.7
CC/CO 53.6 9.9 5.0 7.2 6.5 7.9
CC(1)/CC(2) 4.8 4.2 5.0 5.4 4.1 5.4
O/Si – 7.0 7.2 8.7 6.1 7.2

* The percentage composition of oxygen is a sum of three overlapping peaks,
located at 531.1 eV, 532.0 eV and 533.1 eV. These derivate from C—O, C¼O bonds and
SiO2, respectively as well as other possible oxygen contaminations from pads.

Fig. 6. High resolution XPS spectra recorded in the energy range of C1 s for BDD reference electrode and after different times of CAML process.
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sample, i.e. CC(1) at 284.4 eV, and CC(2) at 285.0 eV. The first of these
two peaks can be attributed to the C-H bonds on the surface and
the C-C bonds in bulk diamond, while the second peak corresponds
to the non-hydrogenated BDD surface and polyhydride carbon
species (CHx) adsorbed on the surface [94]. As a result of CAML, the
chemistry of the BDD electrode surface has changed. A wide tail
visible in the C1s spectra of lapped samples was deconvoluted into
three additional peaks, namely, CO(1), CO(2) and CO(3). These peaks
are shifted from +1.4 eV up to +4.1 eV relative to the CC(1) peak,
which should be attributed to the appearance of ether, carboxyl
and carbonyl groups.

Considering our findings, it should be noted that CAML
pretreatment affects the termination of Si/BDD electrode in a
similar way, regardless of the process duration. With respect to the
reference sample, a much higher contribution of C-O bonds was
observed. Overall, after only three minutes of CAML process the CC/
CO ratio dropped five times, although it remained at the same level
throughout the rest of the experiment. As previously observed by
Thomas et al. [34] for nanocrystalline diamond films, CAML might
contaminate the processed surface via the polishing pad and slurry
(see Supporting information, Section V). Initially, silicon is not
observed in the reference sample. It appears as a result of the
lapping process, with a peak doublet (Si2p3 at 103.6 eV) at the
energy range of SiO2. The amount of silicon does not increase over
time, and the O/Si ratio remains almost the same, which proves
that the BDD film has not been stripped off or extensively thinned.
The oxygen content reached up to 15 at.% in total, the amount
which is often observed in the case of exposure to atmospheric
conditions. Contrary to deep anodic oxidation, sp2-type defects,
manifested as peaks shifted by about �1 eV from the main
diamond C1s component, were not found at the diamond interface.
Small changes in the ratio of hydrogenated to non-hydrogenated
carbon bonds (CC(1)/CC(2)) compared to the reference value (see
Table 2) suggest that the lapping process had a low influence on the
termination bonds. Based on the SEM and AFM imaging and XPS
analysis, it can be concluded that the BDD film did not crack due to
CAML process.

Finally, Dynamic Electrochemical Impedance Spectroscopy
(DEIS) study was performed under potentiodynamic conditions
for deep anodic polarization of up to +2.5 V vs Ag|Ag2SO4, to cross-
validate the nature of electrochemical modification of Si/BDD
electrode via CAML. The experiment was carried out in 1 M H2SO4

and under conditions that imitate the author’s previous study on
the surface termination of boron-doped electrodes [36,44]. The
cyclic voltammetry curve in anodic polarization range is presented
in Fig. 7a, while Fig. 7b shows a typical 3D Nyquist plot versus
anodic polarization scan, as obtained from the DEIS experiment.

The electric equivalent circuit chosen for electrochemical
characterization of investigated system is shown in the inset of
Fig. 7b. It is composed of high- and low- frequency time constants.
The high-frequency time constant (C1, R1) is strongly correlated
with the electrode contamination and termination type and
typically fades away after the first polarization cycle [44,91].
Similar behavior occurs as a result of CAML pretreatment. The
resistance of low frequency time constant is primarily associated
with the charge transfer resistance RCT. A constant phase element
with the admittance 1/Z = QCPE(jv)n is proposed in majority of
studies dealing with BDD electrodes. Its origin is more complex.
The dispersion of capacitance behavior is attributed to nonhomo-
geneous reaction rates along the areas of different boron-dopant
concentration [6,87,95–98]. Furthermore, the resulting capaci-
tance of a semiconductor surface is the sum of space-charge
capacitance, the Helmholtz layer and the diffuse layer capacitance;
the smallest of these three parameters will have the highest
influence on the measured QCPE. In the presence of the excess of
electrolyte, the diffuse layer capacitance can be neglected [74].
Space-charge capacitance dominates the value of QCPE at low
overpotentials. However, at polarization potential exceeding +1.4 V
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Fig. 7. a) Cyclic voltammetry in anodic polarization direction of Si/BDD electrode with superimposed DEIS signal after different CAML length b) 3D Nyquist plot vs anodic
polarization depth for BDD sample at t = 120 min obtained from DEIS in potentiodynamic mode; c) RCT and d) QCPE changes under anodic polarization, on the base of fitting
procedure with equivalent circuit Re(C1(R1(QCPERCT))).
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vs Ag|Ag2SO4 electrochemical processes are involved resulting in
significant contribution of double-layer capacitance. Here, the
removal of sp2-carbon contamination and subsequent function-
alization of termination groups as well as water electrolysis should
be considered. These findings should be considered even for metal-
like BDD electrodes because of the limited density of charge
carriers and heterogeneous behavior of individual grains [2,30].

Instantaneous values of low-frequency parameters, i.e. charge
transfer resistance RCTand constant phase element QCPE are plotted
versus anodic polarization in Fig. 7c, d. The most interesting
feature can be observed on Q=f(E) plot for the reference sample, in
the form of peaks at approx. +1.4 and +2.0 V vs Ag|Ag2SO4. Such
behavior is characteristic for relaxation processes [45] and might
be connected with corrosion of sp2-carbon contaminations from
the electrode surface under anodic polarization [81,99–102].

Anodic polarization affects the presence of oxygen functional
groups and removal of surface and subsurface hydrogen, influenc-
ing conduction and valence band positions and as a consequence
space-charge capacitance through Mott-Schottky relationship
[103–107]. The as-grown BDD is typically characterized by more
steep 1/Csc

2 function than anodically treated electrode. This shift in
behavior would decrease the value of QCPE during an on-line
measurement [105–108].

The height as well as the area underneath above discussed
peaks are much smaller after CAML pretreatment and they fade
away with progressing duration of the process. Here, a peak in the
function Q = f(E) located at +1.4 V vs Ag|Ag2SO4 is visible, arguably
assisted by the second, smaller component, peaking at +1.7 V vs Ag|
Ag2SO4. The peak at +2.0 V vs Ag|Ag2SO4 is missing.
The rapid disappearance of the second capacitive peak could be
speculatively interpreted by different removal rates of grains with
different crystallographic orientation. In their study, Pleskov et al.
[86] revealed that (110) and (111)-oriented BDD grains possess
more positive value of flat-band potential Efb than (100)-oriented
grains. The difference of +0.3 V for (110) and +0.6 V for (111)-
oriented grains is in perfect agreement with the observed potential
gap between the capacitance peaks, manifesting consecutive
stages of the oxidation process. The disappearance of the
capacitance peak at +2.0 V vs Ag|Ag2SO4 would in this case
corroborate with (111)-oriented grains removal, as observed under
SEM.

On the other hand, the DEIS measurements revealed the lack of
a local minimum for the function RCT = f(E) at +1.6 V vs Ag|Ag2SO4,
resulting from the absence of electrochemical corrosion of sp2-
carbon contaminations. An earlier and flatter decrease in this
parameter’s value with increasing anodic polarization was
observed, which is in agreement with the findings about the
lower energy requirement for the oxidation of termination bonds
in the absence of non-diamond impurities [36,86]. For anodic
polarization exceeding 2.0 V vs Ag|Ag2SO4, there was no observable
difference in a slope of the function RCT = f(E) between the
reference and CAML pretreated samples. After the oxidation of
carbon contaminants on the electrode surface, this parameter
became strongly influenced by the polarization resistance.
Moreover, after a 120-min CAML, an almost four-fold decrease
in RCT at low anodic polarization was noted in comparison to the
procedure without CAML. This points to the lowered charge
transfer resistance due to lapping and thus is consistent with the
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AFM results about the development of electrochemically-active
surface.

4. Summary

The effect of chemical-assisted mechanical lapping of Si/BDD
films by silica slurry was analyzed and discussed. A direct
relationship between CAML and BDD performance was revealed
at the macroscale. As a result of CAML process, the electric and
electrochemical performance of the electrode has improved. This
phenomenon should be mainly attributed to an increase in the
surface fraction covered by the inter-grain regions, due to higher B
dopant concentration, as well as the consecutive removal of
amorphous-C, and sp- and sp2-hybridized carbon.

As a consequence of CAML, the average grain size of crystallites
decreased, which was followed by the gradual removal of (111) and
(110)-oriented planes. Furthermore, altered oxidation kinetics of
BDD electrodes was observed in association with the removal of
the above-mentioned carbon impurities. The longer duration of
CAML pretreatment had minor or detrimental effect on the BDD
surface morphology and electrochemical performance. Based on
the XPS analysis, the changes in surface chemistry of Si/BDD
electrodes, due to a small amount of impurities introduced via
silica slurry and pad, were revealed. These impurities had a
negligible effect on electrochemical activity.

We demonstrated that short-duration CAML pretreatments
should be applied to achieve efficient BDD surface activation,
while, at the same time, CAML causes negligible alterations in the
diamond film properties. The duration of pretreatment should be
strictly controlled because the BDD surface defects, such as edge
micro-chipping of crystallites and micro-cavities, were observed in
the case of prolonged lapping.

In summary, CAML offers a possibility of a fast route towards
increased electrochemical performance of highly-doped thin film
electrodes, which may be used in numerous sensing applications.
The process offers higher electrochemical activity at lower cost in
comparison to hydrogen plasma pretreatment. CAML is less
invasive than anodic electrochemical treatment or acid washing,
which both affect termination type causing changes in the physico-
chemical properties. Aforementioned techniques as well as
cathodic electrochemical pre-treatment often lead to irreversible
degradation of the BDD film, which is not the case for short CAML
periods. Moreover, this unique pretreatment technique could also
be applied to diamond-polymer composite electrodes in cases
where plasma or acid pretreatments are destructive and thus not
advised.
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