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Abstract - The physical and electrochemical behaviors of BDD
electrode are clarified in this work. The surface morphology of BDD
is investigated by scanning electron microscopy (SEM) before and
after electrolysis in different conditions. There is not any corrosion
found on the surface based on the studies of SEM and
electrochemical corrosion process. The contact angle of BDD
surface with pure water is changed from hydrophobic to hydrophilic
(characterized by 97° and 28°) after several runs. In order to
thoroughly investigate chemical composition of BDD, Raman
spectroscopy is used. The featured peak of diamond is found at
1332 cm™ Raman shift. The comparison between H-terminated and
O-terminated peaks (O 1s and C 1s) as a result of electrochemical
processes is made using X-ray photoelectron spectroscopy (XPS).
The cyclic voltammogram (CV) of BDD is studied in acid and
alkaline media in the range of hydrogen and oxygen evolution.
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1. Introduction

Doped diamond electrodes have been applied in
electrochemical field since 1983 [1]. The electrochemical
properties of boron-doped diamond (BDD) such as wide
potential window, the electrochemical stability in both cases
(aqueous and non-aqueous solutions), resistance to the
adsorption of organic molecules, long term stability with air
contact, the wide application for low detection of species
were investigated by many authors [2-7]. Diamond in the
form of monocrystalline or polycrystaline structure where
each atom links with three other sp® hybridized carbons as
building a tetrahedral bond. To increase the conductivity of
diamond, boron is doped onto the surface of diamond to
form so-called synthetic boron-doped diamond, where boron
acts as an electron acceptor due to an electron deficiency in
its external shell [8], [9], and thus the diamond electrodes
can perform as p-type semiconductor.

Because of the unique properties, for example, the
extreme robustness and high resistance to corrosion, BDD is
considered as an excellent electrode material for the anodic
oxidation of organic in wastewater treatment application.

Due to the high cost of such electrode, the application in
industrial field is still challenging. However, the properties
of BDD in laboratory scales have been widely studied,
including in the biological treatment field [10]. Organic
pollutants can be oxidized directly on BDD electrodes (by
electron transfer from surface to compound) and indirectly
by the generation of *OH radicals [11] and/or other weaker
oxidizing species when oxidizing water. The physical
properties of BDD electrodes can be studied by investigating
the surface of the deposited diamond layer, layer thickness
as well as the surface morphology. For the study of the
electrochemical properties, cyclic voltammetry was
considered as one of the main investigated parameters.

However, there has been so far a limited number of
public papers studying on BDD in Vietnam. The physical

and electrochemical properties of BDD have been widely
studied for different purposes of use. And thus, it is
necessary to specify the physical and electrochemical
characterizations of BDD electrode, partly for applying to
wastewater treatment [1] based the stability of BDD, high
over potential of oxygen and hydrogen and resistance to the
corrosion.

2. Experimental section
2.1. Reagents and solutions

All reagents were analytical grade (99% purity).
Sufulric acid, phosphoric acid sodium hydroxide,
potassium ferri/ ferro-cyanide were acquired from Sigma-
Aldrich, whereas ethanol (Merck Co) was used to clean the
BDD surface electrode Solutions were prepared using
ultrapure water (Seralpur Pro 90 C).

2.2. Experimental details

Bulk electrolysis was carried out at room temperature
(22°C) in 2 400 mL one-compartment electrochemical cell.
BDD electrode (purchased from Neocoat Co, Switzerland)
was used as working electrode with 3.8 cm? exposed
surface area, the thickness of the diamond layer was
2.5 - 3 pm. Platinum foil and Ag/ AgCl (3 M KCl) were
used as counter and reference electrodes, respectively. The
redox couple KsFe(CN)es/ KsFe(CN)s was prepared by
adding 200 mL K3Fe(CN)g in 0.5 M KOH.

The tested solutions were continuously stirred with a
magnetic stirrer bar throughout the process. Before starting
the experiments, the BDD electrode was subjected to
ultrasonication for 5 min to remove surface contaminants,
and then washed with de-ionized ultrapure water. The Pt
electrode was washed with de-ionized ultrapure water
(Seralpur Pro 90 C).

The electrochemical experiments were performed
using IviumStat. Figure 1 describes the setup of one-
compartment glass cell and the holder of BDD electrode.
The electro-polishing method for BDD was conducted in
hard condition of 1 M H,SO4 + 3 M H3POq for 1 h at high
current density of j =2 A-cm™
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Figure 1. Arrangement of one-compartment glass cell and
the Teflon holder for BDD, (a) reference electrode (Ag/AgCl),
(b) BDD electrode, (c) counter electrode (platinum electrode)

Optical Tensiometer TL. 100 was used to determine
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static contact angle of water on the surface of BDD.
Visualization of the surface was achieved using scanning
electron microscopy (SEM). The quality of diamond film
was verified using Raman spectroscopy under 514.7 nm
excitation. The experiments were conducted in the
backscattering geometry using an optical microscope with
a high numerical aperture objective (100 X/N.A. 0.9). The
laser light was focused on the sample with a power below
1 mW. The Raman scattered light was dispersed using the
diffraction grating on a back-illuminated liquid nitrogen-
cooled CCD detector.

To generate X-ray source, a mono-chromated Al Ka
was used inX-ray photoelectron spectroscopy (XPS) Ulvac
@ 3300 (Ulvac-Phi, Japan). The electron take off angle (the
angle between the analyzer and the surface) was 45° after
focusing the monochromator radiation on the sample. The
pass energy for broad scanning (i.e: C 1s, O 1s and C KLL)
was set at 89.5 eV as recommended by many authors. To
deconvolve the constituent C 1s peaks and to integrate peak
areas, multipack spectrum software (in Origin) is used. The
spectra were recorded by in-situ method of the analyzed
sample surface in order to avoid any possible variations or
contaminations on the surface. The background was firstly
subtracted using Shirleys methods and then fitted with the
de-convolution of Gaussian and Lorentzian shapes.

3. Results and discussion
3.1. Surface termination

It is important to understand the surface termination of
a BDD electrode because it affects: (1) the electron transfer
(ET) kinetics of inner sphere redox processes [12] (2) the
wetting properties of the electrode, (3) the electrostatic
interactions which can result in an increase or decrease of
the energy levels in the valence (Evg) and conduction
bands (Ecg) due to the polarity of the surface bond.
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Figure 2. (a) Contact angle of water with H-terminated BDD

surface, (b) contact angle after electrolysis, (c) H-terminated

boron doped diamond surface, (d) O-terminated boron doped
diamond surface

As can be seen in Figure 2a, a hydrophobic surface
displays water contact angles of 97° between the dropping
water and unused electrode. It means that this kind of
surface termination (i.e: H-terminated surface C*-H?%") can
result in a arise in both of (Evs) and (Ecs), and thus
creasing the electron transfer between the Evg and H30*
more easily, leading to the increase in the surface
conductivity [13]. It is reported that the stability of
H-terminated surface can be achieved in air for several

months thanks to the low oxidation possibility of its
terminated group [8], [14]. After several runs, the BDD
surface becomes hydrophilic with the appearance of some
oxygenated groups (as seen in Figure 1d) which are
detected by XPS. As a result, the contact angle of the
surface was measured at about 28° showing the
hydrophilic property after several runs (Figure 2b).

The mechanism of growing H-terminated BDD was
achieved in hot filament Chemical vapor deposition
process (HFVCD)- one of the effective methods applied by
Neocoat Co [15]: The gas mixture containing hydrocarbon
(particularly methane/ hydrogen) is introduced into the hot
chamber and under hot condition molecular hydrogen (H»)
dissociates into atomic hydrogen due to the activation of
hydrogen. Diamond growth took place via site-activation
by the surface hydrogen displayed in reaction (1) and then
followed by the attack of hydrocarbon radical CHj3 to Cqin
reaction (2). Additionally, the recombination reaction of
atomic hydrogen can occur as shown in reaction (3):

CH+H <Cj; +H,

(1
C; +CH & C,-CH, o
C, +H < C,;-H 3)

3.2. Surface morphology, cross section and Raman
microscopy

The morphology of BDD electrode was characterized
by SEM with magnifications of 2um and 500nm presented
in Figure 3.a. As seen in this figure, the film consists of
many grains with an average grain size of 200nm and the
grains are randomly oriented to grow diamond crystallites.
Figure 3b shows sharp triangular facets due to exposed
(1 1 1) planes. It can be seen clearly in Figure 3.c that the
thickness layer of crystal morphology of diamond is about

Figure 3. (a, b) SEM images of BDD electrode surface at 2um and

500nm resolution respectively, (c) cross section of BDD layer on Si

substrate, (d) BDD surface after electro-polishing in 1 M H2SO4 +
3M H3PO4, T = 50°C for 1h at current density j = 2 A-cm
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In 1 M H>SO4 + 3 M H3PO4 no corrosion or defect is
observed on the surface after 1h of polishing based on SEM
observation. The surfaces of BDD in Figure 3b and in Figure
3d are roughly the same. It can be concluded that the BDD
is physically stable in hard conditions of treatment.

The Raman spectroscopy analysis only shows the
presence of some sp®> component and sp” carbon species
although there are various components from the presence
of some disorder in diamond as well as other smaller
crystals. As can be seen in Figure 4, the significant
intensity of high sharp peak of sp? vibrates at 1332 cm™' in
the Raman spectrum, which was observed similarly by
D.S. Knight [16]. The broad bands around 1381 cm™ and
1553 cm! originating from a sp? component suggest that
the carbon films also contain another carbon component.
The usual G band in graphite with pure sp? hybridization
shows a band around 1580 cm™! [17]. Here this band shifts
to around 1553 cm™ due to the weakening of the C=C bond
[13]. The band around 1159 cm™ and 1484 cm' were
attributed to trans-polyacetylene [18].
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Figure 4. Raman spectrum from the diamond film acquired
under 514.7 nm laser excitation
3.3. X-ray photoelectron spectroscopy (XPS) and the
conversion from hydrogenated to oxygenated surface on
diamond

XPS is a sensitive technique for the surface chemistry
study. In our investigation, both wide and high resolution
XPS spectra were recorded to study the hydrogen, oxygen
groups and oxygen-related groups on BDD.
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Figure 5. Wide XPS spectra of the used and unused BDD
surface

In Figure 5, the core-level C 1s peak was found at
around 284.2 eV as the highest peak in the arrangement of

binding energy, meanwhile the secondary peak which
attributes to O 1s peak displays at around 533 eV. The
intensity for O 1s on the used BDD is approximately
10 times higher than on the unused one, indicating the
oxygen content increased remarkably after several runs It
is predictably explained that oxygen chemically and
physically absorbed onto the BDD surface during
electrolysis. As a result, the surface became hydrophilic.
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Figure 6. High resolution of C 1s on the used and unused BDD
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Figure 7. Oxygen-related components in the used
BDD via de-convoluted C 1s

The core-level C 1s peaks (Figure 6) shows the change
between hydrogenated and oxygenated (111) diamond
surface. The sharp high intensity for hydrogenated
termination C 1s is observed while that for oxygenated
termination shows a wider asymmetric tail at similar
binding energy.

The C 1s spectra from Figure 6 were then carefully de-
convoluted into five peaks as shown in Figure 7 in case of
the used BDD. According to the previous study [15], some
oxygen terminated groups were identified at the same
binding energy: hydroxyl (C—OH) as the main peak of the
C 1s core-level displayed at 284.2 eV attributing to the sp*
hybridized carbon in BDD, carbonyl (C=0) at 285 eV and
carboxyl acid (HO-C=0) at 287.2 eV.

3.4. Electrochemical properties in aqueous electrolytes
Cyclic voltammetry of BDD in alkaline and acid media

The main electrochemical behavior of diamond
electrodes in aqueous electrolytes has been investigated.
The unique property of BDD electrode compared with
other ones is a high over-potential for both oxygen and
hydrogen evolution [19-21]. Figure 8 shows cyclic
voltammograms when testing BDD electrode in 1 M
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H>SO4 and 1 M NaOH in the region between hydrogen and
oxygen evolution. The high over-potential of diamond
electrode for both cases (oxygen and hydrogen evolution)
is observed in Figure 8, leading to a wide potential window
(approx. 4.2 V in H»SO4and 3.7 V in NaOH). As a result,
this makes BDD totally special in comparison to other
electrode materials such as gold, platinum or mixed metal
oxide electrodes, where water is easily converted in the
form of H» and O» gases instead of being oxidized to the
*OH radicals as BDD electrode performed in hydrogen and
oxygen evolution ranges.
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Figure 8. Cyclic voltammogram of BDD electrode in 1 M
H2S04, 1 M NaOH and the CV of BDD in IM H2SOq after
electro-polishing. Scan rate 100 mV-s™'

The high over-potential of BDD for oxygen evolution
tends to oxidize water to *OH radicals as seen an effective
oxidizing agent for organics decomposition in wastewater
treatment:

H,0 — OH +e +H" 4)

High over-potentials on BDD electrodes can be also
seen in case of halides (i.e:I", Br', CI") oxidation [19-21]
and in case of the reduction of the corresponding halogens
(I2, Brz, Cly) [22].

Oxygen evolution reaction in water decomposition

The anodic polarization curve for oxygen evolution was
recorded in 1 M H>SO4 on BDD electrode at the scan rate
of 1 mV-s!. Figure 9 shows the measured polarization
curves before and after electro-polishing.
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Figure 9. Current curves over-potential before and after
electro-polishing recorded in 1 M H2S04 on BDD electrode at
1 mV's'. Insert shows the corresponding Tafel plots

The oxidation of water to oxygen evolution occurs
through electron transfer from a H,O molecule to the BDD

electrode [21] written by the following simplified
mechanism:
BDD + H,0 < BDD-OH+H" +¢ (5)
BDD-OH <> BDD-O+H" +¢” 6)
2BDD-O < 2BDD +0, @)

From both experimental polarization curves, there was
no significant difference before and after polishing.
Regarding the Tafel lines plotted in the over-potential
region > 2.5 V (inset of Figure 9 a high Tafel slope of
433 mV-de! was obtained. It can be explained that the
functional groups on the surface decrease the oxygen
evolution reaction (OER) resulting in both high Tafel slope
and high over-potentials for oxygen evolution.

The BDD behavior to the redox couple potassium ferri/
ferro-cyanide

The ferri/ ferro-cyanide redox couple is popularly a
standard probe thanks to its sensitive possibility for
oxidation/ reduction reaction. Figure 10 displays cyclic
voltammograms of BDD electrode of the redox couple
K3Fe(CN)¢/ K4Fe(CN)s, showing that the anodic peaks for
0.02 M KsFe(CN)s/ K4Fe(CN)s corresponding to the
oxidation of K3Fe(CN)g observed at about 0.42 V. On the
other hand, an increase in the concentration of this redox
couple causes the deformation of CV sharp due to some
reasons: The high concentration of Fe**/Fe?*, the unclean
electrode, the bigger area of counter electrode area compared
with working electrode (in our case), the high scan rate, the
large distance between working and courter electrodes.

The increase in concentration of potassium ferri/ ferro-
cyanide leads to a linear increase in the anodic current
magnitude (as shown in Figure 10) with a shift of anodic
peak potential by average step of 0.08V.
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Figure 10. Current density versus concentration ratio of KsFe(CN)s
in 0.5 M NaOH. Supporting electrolyte (0.5 M NaOH) consists of:
0.02M K3Fe(CN)s (Solid) 0.04 M (Dash), 0.06 M (Dot), 0.08 M
(Short dash), 0.1 M (Short dash dot). Scan rate 100 mV-s!

In case of 0.02 M ferri/ferro-cyanide redox couple, the
voltage separation between the current peaks

AE,=|AEY-AEF![=04V at scan rate of 100 mV's™.
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AE, shifts towards higher values with increasing its
concentration. The CVs response at BDD electrode are
found to be very dependent on concentration of ferri/ ferro-
cyanide when its concentration is less than 0.1 M.

4. Conclusion

The physical and electrochemical stability of diamond
electrode has been investigated in this study. The study of
BDD electrode behavior shows that this electrode has a
good quality and is stable in both acidic and alkaline
conditions at room temperature. Any losses of diamond
material of BDD electrode are not found during electrolysis
of 1M H,SO4, IM NaOH and electro-polishing in 1M
H>SO4 + 3M H3PO.. It has been considered as one of the
major advantages of BDD electrode compared to the
conventional electrode materials. However, after several
electrolysis processes, the hydrophobic surface of
electrode becomes more hydrophilic with presences of
some O-terminated groups.
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