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Abstract The electrochemical activation and physical
degradation of boron-doped diamond (BDD) electrodes
with different boron doping levels after repeated cathodic
pretreatments are reported. Galvanostatic cathodic pre-
treatment passing up to —14000 C cm™2 in steps of
—600 C cm ™2 using —1 A cm ™2 caused significant phys-
ical degradation of the BDD surface, with film detachment
in some areas. Because of this degradation, a great increase
in the electrochemically active area was observed in Tafel
plots for the hydrogen evolution reaction (HER) in acid
media. The minimum cathodic pretreatment needed for the
electrochemical activation of the BDD electrodes without
producing any observable physical degradation on the
BDD surfaces was determined using electrochemical
impedance spectroscopy (EIS) measurements and cyclic
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voltammetry: —9 C cm 2, passed at —1 A cm™ 2 This
optimized cathodic pretreatment can be safely used when
electrochemical experiments are carried out on BDD
electrodes with doping levels in the range between 800 and
8000 ppm.
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1 Introduction

The electrochemical behaviour of boron-doped diamond
(BDD) electrodes depends on their physical, chemical, and
electronic properties. These properties are especially
affected by the surface termination (hydrogen, oxygen, and
others). In this sense, Suffredini et al. [1] studied the effect
of surface electrochemical pretreatments on the electro-
chemical response of the Fe(CN)EFB* redox couple on
BDD celectrodes. This couple presented a reversible
behaviour on cathodically pretreated BDD electrodes and a
quasi-reversible one after anodic pretreatment. Moreover,
using electrochemical impedance spectroscopy (EIS) it was
observed that the resistance associated to a high-frequency
element presented values of over 300 or 4 Q cm” after
anodic or cathodic pretreatments, respectively. Mahe et al.
[2] also used anodic and cathodic pretreatments to study
the electrochemical reactivity of the Fe(CN)¢ 3~ system
on BDD electrodes and observed that the cathodic pre-
treatment renders a great reproducibility and a very high
rate for the electron transfer. Previously, Holt et al. [3]
studied the reduction on BDD electrodes of tetrachloroa-
urate(Ill) dissolved in dilute aqua regia and, among other
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things, investigated the effect of electrochemical surface
pretreatments. They concluded that cathodic pretreatments
of the BDD surface considerably increase the rate for both
the deposition and stripping of gold; additionally, they
reported that the effect of the surface pretreatment
remained even after the electrode was exposed to the lab-
oratory atmosphere for several days.

In a more recent investigation from our laboratories [4]
it was shown that cathodically pretreated BDD surfaces
exhibit a dynamic electrochemical behaviour, i.e. a loss of
the reversibility for the redox couple Fe(CN)‘é*B* as a
function of time, but at a rate inversely dependent on the
boron doping level. This phenomenon was associated to a
loss of superficial hydrogen due to oxidation by oxygen
from the air. Therefore, these results strongly suggest that
cathodic pretreatments should be performed just before the
electrochemical experiments in order to ensure reliable and
reproducible results.

Cathodic pretreatments have also been found to be a
simple and very efficient procedure to improve the elec-
trochemical activity of BDD surfaces. The use of this type
of pretreatment allows achieving very low detection and
quantification limits and high data reproducibility for the
analysis of several substances in aqueous solutions [5—18].
The pretreatment procedure commonly used consists in
either a 30 min potentiostatic polarization at —3.0 V versus
the hydrogen electrode in the same solution (HESS)
[1-9, 11, 14] or a galvanostatic polarization (at least
—0.5 A cm ™2 for at least 60 s) [10, 12, 13, 15-18]. Such
polarizations produce intense hydrogen evolution, which
can be accompanied by an undesirable increase in the
solution temperature depending on the total charge passed.
Additionally, several publications have reported the use of
diamond electrodes as very efficient cathode materials for
the electrochemical reduction of nitrate ions dissolved in
high concentrations in wastewaters [19-22]. As the nitrate
reduction takes place at fairly negative potentials where the
hydrogen evolution reaction (HER) also occurs, the effi-
ciency of the process might be related to surface activation.

More recently, further experiments carried out in our
laboratories revealed that repeated cathodic polarizations
might physically degrade the BDD electrode surface.
Deuerler et al. [23] studied the adhesion and wear behav-
iour of micro- and nanostructured crystalline diamond
films by a cavitation test, using the ultrasonic technique to
stimulate their degradation. These authors showed that
diamond surfaces might be effectively eroded under those
conditions. In fact, for a microstructured diamond film of
3 um thickness, they observed that approximately 9% of
surface damage was reached after cavitation charging for
35 ks. Nanocrystalline diamond thin films deposited on a
silicon substrate were also tested using cavitation erosion
experiments and the eroded surfaces examined by scanning
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electron microscopy (SEM) [24]. In this case, after 30 min
of experiment the formation of micrometer-sized pits was
visible; after 90 min, these pits propagated across the film
surface producing large pores, whereas after 150 min most
of the film was removed from the silicon substrate. The
authors concluded that cavitation erosion resistance is
inversely proportional to the roughness of the diamond
film, which is in agreement with the findings by Deuerler
et al. [23] that nanocrystalline films are more resistant to
cavitation erosion.

Additionally, in 1998, Katsuki et al. [25] reported that
BDD electrodes were gradually corroded under high anodic
polarization (2 A cm 2 at 60 °C) in 10% (vol.) H,SOy;
however, the BDD resistance to corrosion increased with
its doping level. More recently, Panizza et al. [26] showed
that, while in 1 mol L™" H,SO, no appreciable polishing
of the BDD surface is observed, even after 256 h of
polarization using 1 A cm ™2 at 40 °C, the BDD morphol-
ogy is changed in a few hours if 3 mol L™" acetic acid is
added to the 1 mol L™! H,SO, solution. Similarly, Duo
et al. [27] reported significant changes in the BDD surface
morphology after severe anodic polarization (1 A cm™?) in
1 mol L™! HCIO,4. However, to the best of our knowledge
there are no reports in the literature regarding the physical
degradation of BDD surfaces produced by cathodic
polarizations.

On the other hand, Holt et al. [28] measured the pattern
of conductivity and electrochemical activity at surfaces of
hydrogen-terminated BDD electrodes, with low boron
doping levels, using conductive probe atomic force
microscopy (CP-AFM) and scanning electrochemical
microscopy (SECM). With the CP-AFM measurements
these authors showed that the BDD surface is predomi-
nantly insulating, with discrete conducting areas, randomly
and not uniformly distributed on the surface. With SECM
imaging they correlated these conductive areas (predomi-
nantly located at grain boundaries) with the electrochemical
activity of the electrode (surface partially electrochemically
active) and showed that the active area of the electrodes
increased with the boron doping level. Prior to that, Becker
and Jiittner [29-31] concluded that the electrochemical
behaviour of the Fe(CN)¢ ">~ redox couple was due to a
partial blocking of the BDD electrode surface with revers-
ible charge transfer at active sites.

Additionally, Wilson et al. [32] used the CP-AFM,
SECM and cathode-luminescence (CL) techniques to
investigate the electrochemical behaviour of oxygen-ter-
minated highly doped polycrystalline BDD. With CL
imaging they demonstrated that boron uptake was non-
uniform across the BDD surface, with an impact on the
local conductivity as seen through CP-AFM. While
with CP-AFM no evidence for enhanced grain bound-
ary conductivity was found, two significantly different
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conductivity domains were found. With the use of SECM,
local heterogeneities were also observed in the electroac-
tivity of the BDD surface, consistent with the two different
conductivity domains. Szunerits et al. [33], using micro-
Raman spectroscopy and Raman imaging, Kelvin probe
force microscopy, CP-AFM, and SECM, reported similar
results about the non-uniform boron uptake across the
surface of highly doped BDD electrodes. Two different
conductivity domains were also evidenced, corresponding
to either metallic or semiconducting properties. Neverthe-
less, all these approaches did not reveal the occurrence of
enhanced doping or boron depletion at the grain bound-
aries. However, electrochemical studies regarding the rela-
tionship between the doping level and the electrochemical
active sites of BDD electrodes are needed and therefore these
concerns are further investigated hereinafter.

Considering the very promising cathodic applications of
BDD electrodes and the importance of cathodic pretreat-
ments to ensure the sensitivity, reliability, and reproduc-
ibility of many electroanalytical results, the aim of this
study is to investigate the activation and physical degra-
dation of BDD surfaces after repeated cathodic polariza-
tions. For that, SEM, AFM, and electrochemical techniques
are used. To avoid any undesired degradation of the sur-
face, the minimum (optimum) charge density to be passed
in the cathodic pretreatment to ensure high electrochemical
activity of the BDD surfaces is determined, based on cyclic
voltammetry and EIS data.

2 Experimental

The BDD films were prepared on silicon wafers at the
Centre Suisse d’Electronique et de Microtechnique SA
(CSEM), Neuchatel, Switzerland, using the hot filament
chemical vapor deposition (HF-CVD) technique; further
details are given elsewhere [4]. The final boron content of
the different electrodes used as 1.2 cm x 1.2 cm plates
was of the order of 800, 2000, and 8000 ppm. Some
comparative experiments were also carried out using a
300 ppm BDD sample.

The electrochemical experiments were carried out using
a model PGSTAT 30 Autolab potentiostat/galvanostat and
a two-compartment Pyrex® glass cell provided with three
electrodes and degassing facilities for bubbling N,. The
reference electrode was a HESS prepared just before
measurements and all potentials are referred to this system.
The auxiliary electrode was a 2 cm” Pt foil. Working
electrodes were clamped in firm contact at the side of the
cell by means of a rubber O-ring leaving an exposed area of
the BDD plate of 0.63 cm?. Prior to use, the BDD electrode
surface was cleaned with ethanol and rinsed with ultrapure
water. All reagents were Merck P.A. and the water was

purified by a Milli-Q system from Millipore. Prior to
measurements, the cell solution was deaerated by bubbling
N, for 10 min. The supporting electrolyte used for the
pretreatments and in the electrochemical experiments was a
0.5 mol L' H,SO, aqueous solution.

As-received (fresh) samples of the BDD electrodes were
initially subjected to steps of cathodic pretreatment. Some
steps were potentiostatic polarizations at —3.0 V for
30 min (corresponding to a passed charge density of about
—600 C cm ™2 in the first polarization) and other steps were
galvanostatic polarizations up to —600 C cm™2. Mean-
while, to determine the minimum necessary charge density
for the cathodic pretreatment, different charge densities
were passed using —1 A cm 2. Before each cathodic pre-
treatment, a 5 C cm 2 anodic pretreatment was carried out
using 1 A cm™2. The electrical properties of as-received or
pretreated BDD electrodes were investigated by EIS, in the
presence of a 1.0 mmol L™' K4[Fe(CN)g] acid solution,
applying the equilibrium potential with an ac perturbation
of 5 mV (rms), from 10 MHz to 100 kHz. Likewise, the
reversibility of the Fe(CN)gf/ 3~ redox couple was assessed
by cyclic voltammetry in the same electrolyte.

SEM measurements were carried out in a Leica Cam-
bridge scanning electron microscope (Stereoscan 440
model) with a silicon—lithium detector and a Be window,
applying 113 eV. The surface topology studies by AFM
were carried out in a TopoMetrix® AFM Explorer.

3 Results and discussion

It is important to mention that the different pretreatments
performed on the BDD electrodes were carried out in steps
due to the intense increase of the solution temperature as a
result of the circulating current (Joule effect). For instance,
the temperature reached ~ 60 °C after a 30 min polariza-
tion at —3.0 V using a two-compartment cell (60 mL) and
two 800 ppm BDD electrodes as anode and cathode.

Figure 1a, b, and ¢ shows AFM images for an 800 ppm
BDD electrode after a 30 min pretreatment at —3.0 V
(approx. —600 C cm™2), a 180 min pretreatment at —3.0 V
(approx. —6000 C cm~?), and a galvanostatic pretreatment
(=1 Acm™?) in steps of —600 C cm 2 until —14000
C cm™2 was reached, respectively. As it can be observed,
Fig. 1a shows the uniform topography of the BDD surface,
while its SEM micrograph recorded at 40000x (Fig. 1d)
shows in detail the well-known [26, 34] regular pyramidal
structure of BDD surfaces. In fact, this morphology of the
surface is very similar to the AFM and SEM images
obtained on as-received BDD electrodes (not shown).
Consequently, no apparent BDD surface degradation
was observed after this time (30 min) of cathodic
pretreatment.
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Fig. 1 a—¢c AFM 2D
topography images recorded in
a 50 pm x 50 pum area and
d-f 40000x SEM images of an
800 ppm BDD electrode
surface, after the following
cathodic pretreatments:

a, d 30 min at —3.0 V (approx.
—600 C cm™2), b, e 180 min at
—3.0 V (approx.

—6000 C cm ™), ¢, d extended
galvanostatic pretreatment in
steps of —600 C cm ™2 using
—1 A cm™? until a charge
density of —14000 C cm™> was
passed

Meanwhile, a smoothing of the BDD surface is clearly
observed after the 180 min potentiostatic pretreatment
approx. —6000 C cm™?), carried out applying six polari-
zation steps in intervals of 30 min each (Fig. 1b, e); some
small cavities (about 100 nm wide) can already be
observed in the micrograph of Fig. le. As a consequence,
the maximum peak-to-valley distance obtained from the
AFM image (Fig. 1b) increased 44% in relation to that of
Fig. la; this is a demonstration that the BDD surface
topology was modified after 180 min of cathodic pre-
treatment. It is worthwhile mentioning that a 30 min pre-
treatment (data not shown) caused an increase of about 2%
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in the maximum peak-to-valley distance relative to the as-
received surface. Likewise, after being galvanostatically
(—1 A cm™?) pretreated by passing —6000 C cm ™ (data
not shown), the BDD surface presented a surface degra-
dation similar to those observed in the potentiostatically
pretreated BDD sample (Fig. 1b, e).

In addition, extending the galvanostatic polarization in
steps of —600 C cmZat —1 A cm ™ until —14000 C cm™>
were passed resulted in a significant physical degradation of
the BDD surface (Fig. 1c); cavities are now visible on the
BDD surface and the maximum peak-to-valley distance is
51% higher than the one observed on an as-received BDD
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electrode. The SEM micrograph obtained at high magnifi-
cation for this electrode (Fig. 1f) shows the extent of this
surface degradation, with clear disappearance of patches of
the BDD film that leads to voids. Something similar was
previously reported by Duo et al. [27], but caused by severe
anodic polarization in HC1O4. Exposures of the substrate
surface as the one seen in Fig. 1f were also observed in
erosion studies of diamond coatings [24, 35]. Therefore, the
substantial degradation of the BDD surface shown in Fig. 1c
and f brought about by the long cathodic pretreatment may
have been exacerbated by the consequent increase of the
temperature, analogous to what occurred in cavitation ero-
sion tests [23]. Similar surface degradations are also found
for 2000 and 8000 ppm BDD electrodes after the same
cathodic pretreatments.

Taking into account the here reported superficial deg-
radation phenomenon caused by the cathodic pretreat-
ments, it can be assumed that the changes in the
morphology of the BDD surface are due mainly to an
erosion process associated to the very intense hydrogen
evolution: most probably atomic hydrogen diffuses into
interstices or imperfections in the electrode surface, thus
causing its degradation. It is well known that hydrogen
entry into metals or alloys may result in a degradation of
the mechanical properties of those materials [36, 37]. The
electrolytic deposition of hydrogen can sustain a fairly high
equivalent pressure of hydrogen gas at a metal surface,
where atomic hydrogen is initially contained in interstitial
sites of the metal lattice [38]. Cathodic polarization pro-
duces hydrogen damage such as blisters, microcracks, and
dislocations [39] due to the expansion of high-pressure
hydrogen bubbles [40].

— 800-ppm BDD eroded
- = =800-ppm BDD fresh 7]

L L L Il L Il L Il L Il L Il L
-1.0  -05 0.0 0.5 1.0 1.5 2.0 25 3.0
E/V vs HESS

Fig. 2 Potential windows for eroded (solid line) and as-prepared
(fresh; dashed line) 800 ppm BDD electrodes recorded at
v=0.1Vs'ina0.5mol L' H,SO, aqueous solution. The scans
were started at 0.0 V towards the cathodic direction

A clear indication of the formation of microcavities and/
or microcracks in the BDD surface is observed in Fig. 2,
where the electrochemical potential windows in acid
media of fresh and cathodically pretreated (passing of
—14000 C cm™2) 800 ppm BDD electrodes are compared.
The voltammogram of the eroded electrode (from now, this
severely pretreated electrode will be designated as ‘eroded
800 ppm BDD’) displays a broad peak in the anodic scan
(starting at about 0 V) that can be ascribed to hydrogen
oxidation associated to a slow desorption process of atomic
hydrogen from the superficial microvoids or microcracks
produced in the BDD surface. In contrast, the voltammo-
gram for the fresh 800 ppm BDD electrode does not show
any anodic peak since its surface is regular and free of
microvoids or microcracks.

On the other hand, an increase in the current density
(based on the geometric area) was observed during poten-
tiostatic cathodic pretreatments of the BDD electrodes.
Figure 3a shows some chronoamperograms recorded dur-
ing successive cathodic polarizations (at —3.0 V. for
30 min) for the same 800 ppm BDD electrode surface.
Due to the degradation of the surface during the polariza-
tions, in other words, the formation of microvoids in
the electrode surface, an apparent increase in the
electrochemical active area is observed after each polari-
zation step. Thus, the current density varies between —0.15
and —0.30 A cm™? during the first polarization step, but
reaches approx. —0.90 A cm™? in the twelfth polarization
step. Consequently, the absolute value of charge density
passed changes from —600 C cm ™2 during the first polar-
ization step to —1500 C cm ™2 during the twelfth polari-
zation step (Fig. 3b).

In order to determine the effect of the physical degra-
dation of the electrode surface on the electrochemical
properties of BDD electrodes having different boron con-
tents, steady-state polarization experiments were firstly
performed with electrodes that had undergone a very mild
cathodic pretreatment (—10 C cm™? using —1 A cm™?)
and thus were not eroded. The corresponding Tafel plots
for the HER in acid media are shown in Fig. 4. As it can be
observed, the electrochemical response of the different
electrodes greatly depends on the boron doping level. As a
matter of fact, the current density values at similar elec-
trode potentials are always larger for the electrodes with
the higher doping level; thus, the 8000 ppm BDD electrode
presents current densities almost three orders of magnitude
higher than the one observed on the 800 ppm BDD
electrode.

As the HER is a catalytic reaction that requires active
sites available on the electrode surface for the initial
adsorption of the hydrogen atom, it can be assumed that the
increase in the current density values observed with
the increase in the doping level is due to an increment in
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B i —1 Acm™>) BDD electrodes with different doping levels (as
E 1200 . indicated) and on an eroded 800 ppm electrode with the passage of
3 ® -
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O | of weakly adsorbed hydrogen atoms that is made possible
= by the subsurface substitutional boron atoms. These results
o 80 corroborate the relationship between the number of active
I sites and the doping level observed in Fig. 4.
6001 i On the other hand, Fig. 4 also shows that the eroded 800
0 ) 1 6 3 1o 12 ppm BDD' electrode presents current densities hlgih'er than
Pretreatment number those obtained at a 2000 ppm BDD surface. In addition, the

Fig. 3 a Examples of the chronoamperometric responses of an 800
ppm BDD electrode in a 0.5 mol L™' H,SO, solution, recorded at
—3.0 V for twelfth consecutive 30 min pretreatment steps at that
potential. b Charge density values during pretreatment steps (calcu-
lated using the geometric area of the electrode)

the number of active sites of the electrode surface, which is
almost certainly directly associated to the superficial boron
content. In this context, Suffredini et al. [41] studied the
HER and the oxygen evolution reaction (OER) on a 4500—
5000 ppm BDD electrode. They concluded that adsorption
processes are responsible for the wide electrochemical
window of the BDD electrode in aqueous medium. Inter-
actions between water molecules and the electrode surface
are strongly inhibited and the energies involved are, con-
sequently, very high. The mechanisms for both the HER
and OER have an initial adsorption step that is rate deter-
mining due to its extremely slowness on BDD surfaces. In
addition, Cai [42] applied quantum mechanical theory and
a local reaction centre model to the HER on Pt and on non-
doped and BDD surfaces. From the obtained results, he
concluded that non-doped diamond is a poor catalyst for
the HER and attributed the observed catalytic reactivity for
hydrogen evolution on BDD electrodes to the occurrence
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eroded 800 ppm BDD electrode shows an increase in the
current density of about 150 times in comparison to the one
only submitted to a very mild cathodic pretreatment. This
enhancement in the current density clearly indicates an
increase in the number of active (or conductive) sites for
the HER brought on either by the severe pretreatment that
exposes boron-rich sites or by a dramatic increase in the
real surface area. It should be noticed that this behaviour
was not observed for the redox couples most commonly
used to investigate the electrochemical properties of BDD
electrodes (e.g. Fe(CN)¢™*~ and Ru(NH3)z™>™). In those
cases, the reactions are controlled by diffusion and are not
sufficiently sensitive to active and/or blocked sites on the
electrode surface that could act as microelectrode arrays, as
demonstrated by Compton and co-workers [43—45]. In this
sense, it should be recalled that Holt et al. [28] reported
that a polycrystalline BDD thin film consists of highly
conducting zones isolated from one another by more
insulating regions; in other words, the electrical properties
appear non-homogeneously across the BDD surface. Fur-
thermore, they also reported that the fraction of the surface
that is highly conducting increases with the boron doping
level [28]. Hence, taking into account the results presented
hereinbefore and those reported in the literature [23, 28],
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the increase in the number of electrochemically active sites
observed on the eroded 800 ppm BDD electrode (Fig. 4)
can be understood if it is assumed that the surface degra-
dation caused by the pretreatment somewhat exposes more
boron to the diamond surface; consequently, an increase of
the number of electrochemically active sites on the BDD
surface could be expected.

Another important feature studied here was related to
the relationship between the electrochemical potential
window in acid media and the boron doping level of BDD
electrodes. Figure 5 clearly shows that the width of this
potential window is inversely dependent on the doping
level. The observed values for the potential windows (for
+0.3 mA) are 2.5, 2.8, and 3.1 V for the 8000, 2000, and
800 ppm BDD electrodes, respectively. For comparison,
the electrochemical window presented for a BDD electrode
with even lower boron content (300 ppm) was also inclu-
ded in Fig. 5. This lowly doped electrode also displays an
electrochemical window of 3.1 V, but both the HER and
OER have a slower response to the overpotential. Thus,
when the doping level is high, the higher surface conduc-
tivity of the electrode is associated to the high concentra-
tion in boron sites that act as catalyst for these reactions, as
concluded by Cai [42]. On the contrary, the lower con-
centration of boron-rich sites on the electrode surface (e.g.
the 300 ppm BDD electrode) blocks both the hydrogen and
oxygen adsorption steps needed for the gas evolution
reactions.

At this point, aiming to maximize the beneficial effects
of cathodic pretreatments [1, 4] while minimizing the
physical degradation of the BDD surface, a determination
of the minimum (optimum) cathodic pretreatment was
carried out. This was carried out using EIS measurements.

< .
g
-
—
L Boron doping level:] -
4 i 300 ppm (a) ||
I'l - = =800 ppm (b)
I |" ----- 2000 ppm (c)
U § —-—- 8000 ppm (d) [
1 " 1 " 1 " 1 " 1 N 1
-2 -1 0 1 2 3

E/V vs HESS

Fig. 5 Effect of the boron doping level on the electrochemical
potential window presented by different as-received BDD electrodes
in a 0.5 mol L™! H,SO, aqueous solution (v = 100 mV s_l)

Thus, the minimum value of charge density passed during
the pretreatment necessary to decrease the resistance (R)
associated to a high-frequency element in the complex-
plane plot was determined; R values similar to the one
attained in our previous report [1] were looked for (i.e.
~4 Q cm? after —3.0V for 30 min). Moreover, this
minimum pretreatment should lead to a totally reversible
cyclic voltammetric response of the redox couple
Fe(CN)¢ "~ without producing any physical degradation
of the electrode surface.

By analysing the complex-plane plots shown in Fig. 6a,
it can be concluded that the charge transfer resistance (R,)
of the as-received 800 ppm BDD electrode is 82 Q cm?”.
This resistance increases almost 200 times after an anodic
pretreatment (passage of 5 C cm™2), but decreases more
than 90% to ~6 Q cm?® after a cathodic pretreatment
(passage of —9 C cm_z). Furthermore, this quite mild
cathodic pretreatment is already sufficient to produce a
reversible cyclic voltammetric response of the Fe(CN)g_/ 3=
redox couple (see Fig. 6b). Similarly, the value of R,
obtained for a cathodically pretreated 8000 ppm BDD
electrode is less than 1% of that observed on the anodically
pretreated electrode (Fig. 7a). Again, the cathodic pre-
treatment leads to a reversible cyclic voltammetric

response of the Fe(CN)¢ 3~ redox couple (Fig. 7b).
Therefore, without a doubt —9 C cm™> (applying

—1 A em™?) can be considered a minimum or optimum
value of the cathodic charge density necessary to obtain
high-quality electrochemical results (very conductive sur-
face and high rate transfer for the Fe(CN)¢™*~ redox
couple) without producing any appreciable degradation of
the BDD surfaces by the cathodic pretreatment. It should
be mentioned that 2000 ppm BDD electrodes displayed
behaviours similar to those shown in Figs. 6 and 7 for 800
and 8000 ppm BDD electrodes, respectively.

The values for the potential difference between the
anodic and cathodic peaks (AEp) listed in Table 1 show
that the use of as-received BDD electrodes lead to quasi-
reversible responses for the Fe(CN)éfB* redox couple,
probably due to remaining superficial H-terminations that
were produced during the diamond deposition in the CVD
chamber. Notwithstanding, these responses become irre-
versible after the mild anodic pretreatment, with a clear
dependence on the boron-doping level of the electrode.
However, after the cathodic pretreatment the behaviour
becomes increasingly reversible with the boron doping
level.

Liao et al. [46], using elastic recoil detection analysis
showed that the superficial hydrogen concentration on
BDD electrodes increases with the boron doping level. In
this sense, Lombardi et al. [47] using theoretical calcula-
tions concluded that hydrogen bonding to boron is ener-
getically favourable in diamond. Therefore, electrodes with
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E/V vs HESS

Fig. 6 a Complex-plane plots for an 800 ppm BDD electrode in a
1.0 mmol L™" K,4[Fe(CN)e] + 0.5 mol L™ H,SO, aqueous solution
recorded at 0.7 V with an ac perturbation of 5 mV (rms), from
10 MHz to 100 kHz: spheres as-received, squares cathodically

pretreated by passing —9 C cm™2 using —1 A cm™2, and open
triangles anodically pretreated by passing 5 C cm ™2 using 1 A cm ™2,

b cyclic voltammograms obtained in the same solution on the same
electrodes: dotted line as-received, solid line cathodically pretreated,
and dashed line anodically pretreated

high doping level and consequent higher boron content on
their surfaces should present stronger superficial interac-
tions with hydrogen than electrodes with low doping levels,
as well as higher conductivity (rich in boron sites and
H-terminated sites) [4]. These are quite plausible expla-
nations for the better performance presented by the elec-
trode with highest boron doping level, after the cathodic
pretreatment, as shown in Table 1. Furthermore, the
decrease in AE, with the boron doping level is an addi-
tional indication of the plausibility of these explanations.

On the other hand, fitting the response of a proper
electric equivalent circuit to the EIS data allows one to

@ Springer

E/V vs HESS

Fig. 7 a Complex-plane plots for an 8000 ppm BDD electrode in a
1.0 mmol L™ K4[Fe(CN)g] + 0.5 mol L™ H,SO,4 aqueous solution
recorded at 0.7 V with an ac perturbation of 5 mV (rms), from
10 MHz to 100 kHz: spheres as-received, squares cathodically
pretreated by passing —9 C cm ™2 using —1 A cm ™2, and open
triangles anodically pretreated by passing 5 C cm™> using 1 A cm™2,
b cyclic voltammograms obtained in the same solution on the same
electrodes: dotted line as-received, solid line cathodically pretreated,
and dashed line anodically pretreated

Table 1 AE, values related to the cyclic voltammograms for the
Fe(CN);~"*~ redox couple (Figs. 6b, 7b), obtained using as-received
(A-R) and anodically (positive charge density) or cathodically (neg-
ative charge density) pretreated 800, 2000, and 8000 ppm BDD
electrodes

¢ (C cm™) AE, (mV)
800 ppm 2000 ppm 8000 ppm
0 (A-R) 93 63 75
5 458 371 240
-9 69 63 61
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obtain values for the characteristic parameters associated to
the electrode process [48]. Figure 8 shows the two equiv-
alent circuits (EC) whose responses were fitted to the EIS
data by using the software developed by Boukamp [49]; an
additional resistance (R3) had to be added to the EC
(Fig. 8b) so its response could fit the EIS data obtained
with the anodically pretreated 800 ppm BDD electrode.
The elements in these ECs are: electrolyte resistance (R;),
charge transfer resistance (R;), resistance associated to
surface blockage (R3), constant phase elements (CPE; and
CPE,), and diffusional element (W). Table 2 shows the
values of the parameters obtained in the fitting of these ECs
to the EIS data for the three electrodes, as-received or
electrochemically pretreated; the quite low (<2 x 1072)
relative values of the weighted sum of squares (3°) shown

Fig. 8 Electric EC used for the fitting of the EIS spectra obtained for
the Fe(CN)3"*~ redox couple using a BDD electrodes containing
different boron doping levels, b anodically pretreated 800 ppm BDD
electrode. See text

in this table are indicative of the good quality of the
fittings.

As it can be seen in Figs. 6a and 7a, the A-R BDD
electrodes present an RC response at intermediate fre-
quency values of the impedance spectra that is largely
decreased after the cathodic pretreatment; however, this
response becomes much more evident after the anodic
pretreatment. This feature of the impedance response is
also present in EIS data reported by other authors [29-31,
50]; Becker and Jiittner [29-31] postulated that the asso-
ciated resistance could be explained by a partial blocking
of the diamond electrode surface. Assuming that such is the
case, then the anodic pretreatment (increment in oxygen-
containing groups on the BDD surface) greatly augments
this partial blocking and the cathodic pretreatment (incre-
ment in hydrogen-containing groups on the BDD surface)
decreases it, as attested by the values of R, reported in
Table 2. The significantly increased value of R, after the
anodic pretreatment is indirectly observed by cyclic vol-
tammetry (Figs. 6b, 7b), where an irreversible behaviour
(Table 1) for the redox couple Fe(CN)‘é*B* is clearly
observed for all the electrodes.

Recently, Hernando et al. [51] reported EIS studies on
ultrananocrystalline conductor diamond films (UNCD)
modified by oxygen and hydrogen plasma treatments. The
fitting of the experimental results was performed by means
of a Randles circuit with a CPE to model the capacitive
contribution of the interface. From the CPE parameters,
these authors proposed that the interfacial impedance of
oxygen-terminated UNCD is governed by sp*-bonded
carbon atoms in the grain boundaries, whereas the inter-
facial impedance of the hydrogen-terminated UNCD is
determined by both the grain boundaries and the surface
conductive hydrogen-terminated grains. Note that the BDD
electrodes used in the present study do not present signif-
icant amounts of sp*-bonded carbon atoms [4], contrary to

Table 2 Values for the elements of the EC shown in Fig. 8 obtained by adjusting their responses to the correspondent electrochemical
impedance spectra (Figs. 6a, 7a) using the nonlinear least squares method [49]

q B content R, CPE, ny R, w CPE, ny R; 12

(C em™?) (ppm) (Q cm?) (uF cm 2 "7 h (Q cm?) (mFem™2s) (mFem 2" Y kQ cm?)

0 (A-R) 800 0.8 4.04 0.93 82.1 - 2.17 0.48 - 3.6 x 107*
2000 0.8 0.11 091 235 2.07 - - - 57 x 1074
8000 1.0 5.08 091 131.7 1.02 - - - 74 x 107

5 800 22 3.80 097 167 x 10° - 7.52 0.67 175 54 x 1074
2000 0.6 6.62 095 3.6 x10° 098 - - - 7.7 x 107*
8000 1.1 9.04 074 33 x 10° 1.87 - - - 12 x 1073

-9 800 1.1 8.78 095 6.55 - 1.76 0.47 - 29 x 107
2000 1.9 18.6 0.92 8.26 1.63 - - - 6.1 x 107*
8000 0.9 71.0 0.77 22.7 1.21 - - - 1.8 x 1073
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the UNCD films of the study reported by Hernando et al.
[51].

As mentioned before, an additional circuit element
(resistance R3) had to be added to the EC (Fig. 8b) for the
fitting of the impedance data for the anodically pretreated
800 ppm BDD electrode. The necessity of this extra
resistance indicates that, in this specific case, the blocking
of the electrode surface [29-31] is heterogeneous, with
some sites with lower electrochemical activity and others
that block redox reactions. Different types of conducting
regions on BDD were previously reported [28, 32], as
already reviewed. Holt et al. [28], based on CP-AFM and
SECM images, concluded that the BDD films consisted of
predominantly insulating, non-electrochemically active
areas containing isolated sites of very high conductivity
and electrochemical activity; they also found that at low
doping levels the diamond surface only has limited sites
(~10-60% of the geometric area) where electrochemistry
can take place. Wilson et al. [32], using both C-AFM and
CL imaging techniques, found two very different conduc-
tivity domains on oxygen-terminated BDD, caused by non-
uniform boron uptake across the surface.

4 Conclusions

The physical degradation of an 800 ppm BDD surface after
repeated cathodic pretreatments was evidenced using AFM
and SEM measurements. The galvanostatic cathodic
pretreatment in steps of —600 C cm™2 passed using
—1 A cm 2 until —14000 C cm ™2 caused an expressive
physical degradation of the BDD surface, with film
detachment (void formation) in some areas. As a conse-
quence, a large increase in the electrocatalytic activity for
the HER in acid media was observed in the Tafel plots. An
increase in the highly conductive fraction of the BDD
electrode surface is probably one of the consequences of
this erosion phenomenon, since more boron-rich sites are
exposed. Besides, the results obtained in the Tafel plots
showed that the electrochemically active sites are largely
dependent on the doping level.

Finally, comparison studies between cathodic pretreat-
ments and an anodic pretreatment (using 5 C cm™?) were
done using EIS and cyclic voltammetry. The obtained
results showed that an optimum value of the cathodic
charge density needed to activate the BDD electrodes
studied (800, 2000, and 8000 ppm of boron doping) is
—9Ccm ™ (at —1 Acm™?), without producing any
observable physical degradation of the surface; then these
electrodes present a reversible cyclic voltammetric
response for the Fe(CN)¢ *“couple. Consequently,
whenever warranted, this is a recommended manner
to activate BDD surfaces while avoiding unwanted

@ Springer

degradation of the material. On the contrary, the anodically
pretreated electrodes present irreversible cyclic voltam-

metric response for the Fe(CN)¢ =" “couple; this behaviour

seems to be due to partial blocking of their surfaces caused
by the introduction of oxygen terminations.
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