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Abstract

Thin boron-doped diamond ®lms have been prepared by HF CVD (hot ®lament chemical vapour deposition
technique) on conductive p-Si substrate (Si/Diamond). The morphology of these Si/diamond electrodes has been
investigated by SEM and Raman spectroscopy. The electrochemical behaviour of the Si/diamond electrodes in
1 M H2SO4 and in 1 M H2SO4 + carboxylic acids has been investigated by cyclic voltammetry. Finally, the
electrochemical oxidation of some simple carboxylic acids (acetic, formic, oxalic) has been investigated by bulk
electrolysis. These acids can be oxidized at Si/diamond anodes to CO2, in the potential region of water and/or the
supporting electrolyte decomposition, with high current ef®ciency.

1. Introduction

Oxidative electrochemical processes promising versatil-
ity, environmental compatibility and cost e�ectiveness
have a continuously growing importance both in selec-
tive organic synthesis and in degradation of organic
pollutants. For the oxidative degradation of organics in
wastewater treatment, the aim is the complete oxidation
of organics to CO2 [1±4] or the conversion of the toxic
organics to biocompatible compounds [5, 6].
The electrode material is clearly an important param-

eter when optimizing such processes since the mecha-
nism and the products of several anodic reactions are
known to depend on the anode material. For example,
the anodic oxidation of phenol yields hydroquinone and
benzoquinone at Ti/IrO2 anodes and mainly carbon
dioxide at Ti/SnO2±Sb2O5 anodes [7].
In previous work a generalized mechanism for the

oxidation of organics in the potential region of O2

evolution was proposed [8±10]. This mechanism explains
the complete oxidation of organics to CO2 by electro-
generated hydroxyl radicals on `non-active' electrodes
and the selective oxidation on `active' electrodes. Ac-
cording to this mechanism, boron doped diamond, a
`non-active' electrode, is an ideal anode for the complete
oxidation of organics to CO2 for wastewater treatment.

The electrochemistry of synthetic boron-doped dia-
mond ®lms has received great attention recently [11±15].
Few electrochemical studies have been made on syn-
thetic boron-doped diamond ®lms with the goal of
developing application in the electrochemical oxidation
of organics for waste water treatment [16±18].
The results have shown that only reactions involving

simple electron transfer are active on diamond elec-
trodes in the potential region of water stability [17, 18].
For oxidation reactions with more complex mecha-
nisms, complex oxidation reactions can take place on
diamond electrodes only in the potential region of water
discharge [17, 18]. Diamond electrodes have also been
successfully used for the anodic oxidation of cyanide
and the cathodic recovery of heavy metals [19].
Synthetic boron doped diamond ®lms have also been

successfully deposited on titanium base metal (Ti/
diamond) [20]. The con®guration of this electrode is
similar to DSA (dimensionally stable anodes) electrodes
and opens up new possibilities in industrial electro-
chemistry. It has been reported that the main reason for
the successful preparation of the Ti/Diamond electrodes
is the formation of a TiC interlayer between the Ti base
metal and the diamond coating [20].
In this work the anodic oxidation of simple carboxylic

acids (acetic, formic, oxalic) have been investigated on
synthetic diamond ®lm electrodes in acidic medium.
These compounds are very resistant to oxidation. In fact
acetic acid and formic acid are the ®nal oxidation  Dedicated to the memory of Daniel Simonsson
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products during wet air oxidation [21] (oxidation with
air at about 300 �C and 100 atm) and oxalic acid is the
®nal product in ozone oxidation [22].

2. Experimental details

Boron-doped diamond ®lms were grown on conductive
p-Si substrates (0.1 X cm, Siltronix) via the hot ®lament
chemical vapour deposition technique (HF CVD) [18].
The temperature range of the ®lament was 2440±
2560 �C and that of the substrate was 830 �C. The gas
mixture used was 1% methane in dihydrogen containing
1 ppm of trimethylboron. The gas mixture was supplied
to the reaction chamber at a ¯ow rate of 5 l minÿ1

giving a growth rate of 0.24 lm hÿ1 for the diamond
layer. The diamond ®lm thickness obtained was about
1 lm. This HF CVD process produces a columnar,
random textured, polycrystalline ®lms on conductive
p-Si substrate (Si/diamond).
Electrochemical measurements were made in a con-

ventional three-electrode cell using a computer con-
trolled EG&G potentiostat model M 273A. Diamond
was used as working electrode, Pt as a counter and
Hg/Hg2SO4 �K2SO4 as reference electrode (0.64 V vs
NHE).
Oxidation of organics was performed in a one-

compartment electrolytic ¯ow cell (Figure 1A). Dia-
mond was used as anode and zirconium as cathode,
both electrodes being discs (80 mm dia.) of 50 cm2

geometric area each and with an interelectrode gap of
10 mm. The electrolyte was stored in a 500 mL ther-
moregulated glass tank and circulated through the
electrolytic cell by means of a centrifugal pump (Figure
1B). The ¯ow rate of the electrolyte in the cell was
160 dm3 hÿ1 and the mass transfer coe�cient (deter-
mined using the ferri/ferrocyanide couple) was
2� 10ÿ5 m sÿ1.
The carboxylic acids and the oxidation products were

monitored by HPLC on a Shimadzu series 6, using a
Supelcogel H column, with a mobile phase 0.13%

phosphoric acid solution at a ¯ow rate of 0.17 ml minÿ1.
The current e�ciency for the anodic oxidation of
organics during electrolysis was obtained through the
measurement of the chemical oxygen demand (COD,
Hach Imeth AG). The instantaneous current e�ciency
was then calculated using the relation:

ICE � �COD�t ÿ �COD�t�Dt

8 I Dt
� FV �1�

where �COD�t and �COD�t�Dt are the chemical oxygen
demands at times t and t � Dt, respectively, I is the
current (A), F is the faradaic constant, and V the
volume of the electrolyte (dm3).
We have also de®ned the following global parameters

[2±4]:
(i) Average current e�ciency (�g), or the electrochemical

oxidation index EOI. From the ICE±time (or ICE±
Ah dmÿ3) curve an average value of the current
e�ciency can be determined using

�g �
R s
0 ICEdt

s
�2�

where s is the duration of the electrochemical
treatment.

(ii) Electrochemical oxygen demand (EOD). This ex-
press the amount of `electrochemically' formed
oxygen used for the oxidation of the organic pol-
lutant. EOD (g dmÿ3) can be calculated using

EOD � 8�gQ
F

�3�

where Q is the speci®c electrical charge passed
(Ah dmÿ3).

(iii) Degree of oxidation (X ). The degree of oxidation,
X , can be calculated using

X � EOD

COD�
�4�

where the COD� (g dmÿ3) is the initial COD value.

Fig. 1. Set up used for the electrochemical oxidation of carboxylic acids on Si/diamond anodes. (A) electrochemical cell: (1) electrolyte outlet,

(2) anode, (3) cathode, (4) electrolyte (5) and (6) electrical connections, (7) electrolyte inlet; (B) equipment used: (1) 0.5 dmÿ3 reactor,

(2) electrochemical cell, (3) power supply and (4) recirculation pump.
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3. Results and discussion

3.1. Morphological characterization of the diamond ®lms

Figure 2 shows a SEM image of polycrystalline ®lms
deposited on p-Si. This ®gure shows that the boron
doped diamond layer is continuous and consists of
microcrystals randomly arranged. The size of the
microcrystals varies from 0.2 to 1 lm and the facets
are mainly h111i oriented with some h100i orientation.
In the Raman spectra (Figure 3) two sharp peaks (at

1150 nm and 1330 nm) and one broad peak (at 1450±
1550 nm) are observed. The ®rst peak at 1150 nm is
attributable to the silicon substrate and the second at
1330 nm is due to carbon sp3 (diamond). The broad
peak obtained in the region between 1450 and 1550 nm
is due to sp2 carbon impurities (non-diamond). From
the ratio of the diamond to the non-diamond scattering
intensity and from the Raman cross-section scattering
coe�cients for diamond and graphite (i.e., non-diamond
carbon) [23] we have found that the non-diamond to the
diamond ratio is less than 1%.

3.2. Electrochemical characterization

Tafel plots for peroxodisulphate formation [24] and
oxygen evolution on diamond in 1 M H2SO4 is given in
Figure 4. The high value of the obtain Tafel slope
(0.23 V decadeÿ1) compared to other classical electrodes
(Ti/IrO2 and Ti/SnO2±Sb2O5 given in the same Figure)
[10] are probably due to the semimetal character of the
boron doped diamond ®lms and/or due to the formation
of oxygen containing functional groups (diamond oxide
DO), a poorly de®ned material, which can act as a
barrier for electron transfer. In fact ESCA analysis of
the diamond surface show that the O/C ratio increases
from 0.08 to 0.22 after anodic polarisation for 30 min at
10 mA cmÿ2.
The electrochemical activity of diamond ®lms toward

the anodic oxidation of simple carboxylic acids was
investigated by cyclic voltammetry. A series of voltam-
mograms was determined as a function of the carboxylic

acid concentration in 1 M H2SO4 at 25 �C. For all
studied carboxylic acids, the cyclic voltammograms,
recorded below the decomposition potential of water
and/or the supporting electrolyte, display no signi®cant
change in the presence of acids with respect to the
voltammogram for the supporting electrolyte. The only
difference in the presence of carboxylic acids is a
decrease in the starting potential of water discharge
and/or decomposition of the supporting electrolyte.
Figures 5 and 6 show typical voltammograms obtained
with formic and oxalic acid. For both carboxylic acids
the current density at a given potential in the region of
decomposition of the supporting electrolyte increases
with increasing carboxylic acid concentration. This
indicates that the pathway for the oxidation of these
carboxylic acids involves intermediates which are
formed during decomposition of water and/or the
supporting electrolyte.

3.3. Anodic oxidation of carboxylic acids

The anodic oxidation of acetic, formic and oxalic acid
were carried out at constant temperature (30 �C) and

Fig. 2. SEM of boron doped diamond layer deposed on p-Si.

Fig. 3. Raman spectra of the boron doped diamond layer: (a) silicon

substrate, (b) sp3 carbon (diamond) and (c) sp2 carbon (non-diamond).

(a)

(b)

(c)

Fig. 4. Tafel plots in 1.0 M H2SO4: (a) Si/diamond, (b) SnO2±Sb2O5,

(c) IrO2. T � 25 �C.
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under galvanostatic conditions (30 mA cmÿ2) using
the electrolytic cell given in Figure 1. During electrol-
ysis the COD and the concentration of the carboxylic
acid and its oxidation products were followed by
HPLC.
Figure 7 shows the results obtained with acetic acid.

Depending on the degree of oxidation, X (Equation 4),
two regions can be distinguished: For 0 < X < 90%
the concentration of acetic acid decreases linearly with
the speci®c electrical charge passed (Q) forming mainly
CO2 (Equation 5), small amounts of formic acid and
traces of oxalic acid. These acids are further oxidized to
CO2:

CH3COOH � 2H2O! 2CO2 � 8H� � 8 eÿ �5�

In this region the ICE (calculated from Relation 1)
decreases linearly from 97% to 85%. For X > 90%
both ICE and the acetic acid concentration decrease
exponentially with Q. The rapid decrease in the ICE for
X > 90% is certainly due to the fact that the process is
di�usion controlled under these conditions. In fact the
acetic acid concentration giving a limiting current

corresponding to the electrolysis current (I) can be
calculated from the relation:

C � I
z A F k

where z is the number of electrons exchanged (Z � 8 for
acetic acid), A the geometric anode surface area
(0.005 m2), k is the mass transfer coe�cient (k � 2�
10ÿ5 m sÿ1), I the applied current (1.5 A) and F is the
faradaic constant.
The value obtained (�20 mM) corresponds to about

90% oxidation of acetic acid which corresponds to the
region where the ICE starts to decay exponentially
(Figure 7).
Figure 8 shows the in¯uence of applied current

density on the variation in acetic acid concentration
during electrolysis. Depending on the degree of oxida-
tion (X ) two regions can be distinguished: (a) at low
degree of conversion (Q < 20Ahdmÿ3) the oxidation
rate of acetic acid is not in¯uenced by the current
density within the domain investigated; (b) at high
degree of conversion (Q > 25 Ah dmÿ3) the oxidation
rate of acetic acid decrease with increasing current
density. This behaviour is due to the fact that at high

(e)

(d)

(c)

(b)

(a)

Fig. 5. Cyclic voltammetry on Si/diamond recorded at di�erent formic

acid concentrations. Key: (a) 1 M H2SO4, (b) 1 M H2SO4 + 0.05 M

formic acid, (c) 1 M H2SO4 + 0.1 M formic acid, (d) 1 M

H2SO4 + 0.2 M formic acid, (e) 1 M H2SO4 + 0.5 M formic acid.

Scan rate 50 mV sÿ1; electrolyte 1 M H2SO4; T � 25 �C.

(a)

(b)

(c)

(d)

(e)

Fig. 6. Cyclic voltammetry on Si/diamond electrodes recorded at

di�erent oxalic acid concentrations. Key: (a) 1 M H2SO4, (b)

1 M H2SO4 + 0.05 M oxalic acid, (c) 1 M H2SO4 + 0.1 M oxalic

acid, (d) 1 M H2SO4 + 0.2 M oxalic acid, (e) 1 M H2SO4 + 0.5 M

oxalic acid. Scan rate 50 mV sÿ1; electrolyte 1 M H2SO4; T � 25 �C.

(a)

(b)
(c)

(d)

Fig. 7. Evolution of (a) acetic acid (b) formic acid (c) oxalic acid

concentrations and (d) ICE during the anodic oxidation of acetic acid

solution in 1 M H2SO4 on Si/diamond anodes. Anode potential 3.06±

3.11 V vs NHE; i =30 mA cmÿ2; T � 30 �C.

(b) (a)

(c)

Fig. 8. Evolution of acetic acid concentration during the anodic

oxidation of acetic acid solution in 1 M H2SO4 on Si/diamond anodes.

T � 30 �C. In¯uence of current density (a) 90, (b) 60 and (c)

30 mA cmÿ2.
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degree of conversion the oxidation rate is di�usion
controlled and consequently the current e�ciency de-
creases with the applied current density.
The behaviour of the other carboxylic acid investi-

gated is similar to those of acetic acid, both oxalic and
formic acid are oxidized to CO2 (Equations 6 and 7)
with a high ICE for 0 < X < 90% then for X > 90%
ICE decrease exponentially with Q.

�COOH�2 ! 2CO2 � 2H� � 2 eÿ �6�

HCOOH! CO2 � 2H� � 2 eÿ �7�

Table 1 shows: the concentration of the carboxylic acid
in the electrolyte (1 M H2SO4), the initial chemical
oxygen demand (COD�), the theoretical speci®c electri-
cal charge necessary for the complete combustion of the
carboxylic acids according to Equations 5±7 (Qth), the
effective speci®c electric charge passed (Q), the electro-
chemical oxygen demand (EOD), the degree of oxida-
tion (X ) and the average current ef®ciency (�g) for
0 < X < 90%. This Table shows that the carboxylic
acids investigated can be completely oxidised to CO2 on
diamond electrodes with high current ef®ciency.
All these results show that the doped diamond

electrodes behave as a `non-active' anodes [9, 10].
Oxidation on this type of electrode, in the potential
region of decomposition of water and/or the supporting
electrolyte, involves the formation of hydroxyl radicals
by water discharge (Equation 8), which may be either
electrochemically oxidized to dioxygen (Equation 9) or
assist in to the complete oxidation of the carboxylic acid
(Equation 10):

H2O! �OH��ads � eÿ �8�

�OH��ads ! 1
2 O2 �H� � eÿ �9�

Carboxylic acid ������!OH
�� �

ads
CO2 �10�

Other oxidants formed on the diamond surface (perox-
odisulphuric acid, O3) can also participate in the
oxidation of the carboxylic acids near the electrode
surface and/or in the bulk of the electrolyte. In fact, it
was found that during electrolysis of H2SO4 solution

using boron-doped diamond anodes, peroxodisulphuric
acid was the main anodic reaction [23], probably due to
the oxidation of H2SO4 with the electrogenerated
hydroxyl radicals (Equation 11):

2H2SO4 � 2�OH��ads ! H2S2O8 � 2H2O �11�

3.4. Long term electrode stability

The long term stability of the Si/diamond anodes were
investigated by anodic polarization of the electrode
under galvanostatic conditions (2 A cmÿ2) in 1 M

H2SO4 at 25 �C and recording the anode potential as
a function of time.
The duration of the experiment was limited to 1000 h;

during this period it was found that the anode potential
of the Si/diamond anodes increased slowly from 3.2 to
3.9 V vs NHE. Morphological examination of the
electrode after this experiment, compared with
the electrode before use, shows no structural change of
the diamond layer.

4. Conclusions

(i) Cyclic voltammetry measurements have shown
that, in the potential region of water stability, the
investigated carboxylic acids are inactive on Si/
diamond anodes.

(ii) The Si/diamond electrode behaves as `non-active'
anode involving the formation of hydroxyl radicals
in the potential region of water discharge. These
hydroxyl radicals oxidize the carboxylic acids to
CO2.

(iii) High current e�ciencies for the complete oxidation
of simple carboxylic acids can be achieved on
Si/diamond anodes

(iv) Long term stability of the Si/diamond anode has
not shown any structural change of the anode after
1000 h operation.
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