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ABSTRACT

This study investigated how inert supporting electrolytes (SEs), which increase the electrical
conductivity, affect electrochemical ozone production (EOP) on a boron-doped diamond
(BDD) electrode. Regardless of the SE species, the EOP was suppressed about 60% in a SE
concentration of 1 mM for which the conductivity is similar to that of tap water compared
to deionized water. The production of H2O2, which is known to be generated by the
combination of �OH, was also suppressed. On the other hand, the formation of �OH was not
significantly affected by the presence of SEs, an intermediate for ozone production.
Consequently, suppression of EOP by SE can be explained by physical interference from the
diffusion or combination of �OH by the SE anions concentrated near the electrode surface.
This study contributes by providing a better mechanistic understanding of the effect of SEs
on EOP in a solid polymer electrolyte/BDD system.

Keywords: Electrochemical ozone production (EOP); Boron-doped diamond (BDD); Solid
polymer electrolyte (SPE) electrolyzer; Supporting electrolyte

1. Introduction

Ozone is an environmentally friendly and power-
ful oxidant because it leaves no harmful by-products
after a reaction and has a high redox potential [1,2].
Because of this, it is widely used in a variety of
applications, such as disinfection, cleaning, bleaching,
wastewater treatment, and water treatment [3,4]. The

most common technology for ozone production, the
corona discharge process, has several disadvantages
such as producing ozone at low concentrations
(~2 wt.%) and maintaining a cooling system, drying
system, and ozone diffuser [1,5–7]. On the other hand,
electrochemical ozone production (EOP) technology
has attracted much attention [8] as an alternative to
the conventional corona discharge technology. It is an
effective and low-cost technology that directly
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produces a high concentration of ozone in water [3,9].
Electrodes composed of PbO2 [9–12], SnO2 [6,13,14],
and boron-doped diamond (BDD) with high oxygen
overpotential [1,15–17] are popular anode materials
for ozone production. Inert supporting electrolytes
(SEs) in EOP is essential to provide the electrical
conductivity of water electrolysis.

In the case of PbO2 electrodes, it was reported that
highly electronegative anions of SEs improved the
current efficiency of EOP [18]. For example, hexafluo-
rophosphate, a highly electronegative anion, enhanced
the current efficiency of EOP by more than three times
compared to fluoride anions. This observation
suggests that less adsorption of more electronegative
anions on the electrode surface enables better adsorp-
tion of precursors (e.g. oxygen intermediate �O) and
greater production of ozone.

EOP with a solid polymer electrolyte (SPE)
electrolyzer combined with a BDD electrode has been
investigated by previous studies [1,15,16]. For
instance, Kraft’s group reported that ozone production
was favored by the low conductivity of electrolyzed
water with a simple SPE electrolyzer. Arihara’s group
reported that high-concentration ozone production
was achieved (with a current efficiency of 47%) with a
perforated BDD/SPE [15], and it was mostly attribu-
ted to the improved edge length of the BDD electrodes
[1]. In addition, ozone production for small-scale com-
mercial applications was reported with a small-sized
generator in a spiral configuration [16]. Despite the
high performance of a SPE/BDD electrode system for
ozone production, quantitative information and
mechanistic explanations as to how the presence of SE
affects EOP have not been fully elucidated.

This study investigated how inert SEs affect EOP
on a BDD electrode. A SPE electrolyzer was used to
permit water oxidation in the absence of SE, i.e. deion-
ized water (DW). EOP, �OH, and H2O2 were measured
with the indigo, RNO, and DMP methods, respec-
tively. Based on the suggested mechanisms of EOP
[19], the effects of SEs on EOP are discussed.

2. Mechanisms for EOP

Since the first report on EOP from the electrolysis
of water by Schönbein [20] in the early 1800s, the
mechanism for EOP has been intensively studied. For
example, �OH formation was investigated on PbO2

electrodes during the EOP process [21], and adsorbed
oxygen species on PbO2 electrodes were deduced
[18,22]. Based on the postulation regarding ozone gas
phase reactions with low activation energy [22], a
commonly accepted mechanism for EOP was sug-
gested by Babak et al., which is as follows [19]:

H2O ! ð�OHÞads þHþ þ e� (1)

ð�OHÞads ! ð�OÞads þHþ þ e� (2)

ð�OÞads þ ð�OÞads ! ðO2Þads (3)

ð�OÞads þ ðO2Þads ! ðO3Þads ! O3 (4)

In the case of the PbO2 electrode, it is suggested that
the �OH generated through the oxidation of water
(Reaction (1)) is adsorbed onto the PbO2 surface
leading to ozone production (Reactions (2)–(4)). On
the other hand, �OH is weakly bound to the surface of
the BDD electrode compared to the adsorbed �OH on
the PbO2 surface. As a result, ozone formation on the
BDD surface is not favored due to its inert property
[23]. In addition, �OH on the BDD electrode involves
the formation of H2O2 through a combination of �OH.
(Reaction (5)) [23,24].

�OHþ �OH ! H2O2 (5)

3. Materials and methods

All chemicals were of reagent grade and used
without any further purification. DW was used in all
experiments (<1 μS cm−1, Milli-Q® Direct 8 system,
Millipore, Bedford, MA, USA). N,N-dimethyl-p-ni-
trosoaniline (RNO), 2,9-dimethyl-1,10-phenanthroline
(DMP), copper sulfate pentahydrate, and potassium
indigo trisulfonate were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). Five different SEs,
potassium hydrogen phosphate (KH2PO4), potassium
nitrate (KNO3), perchloric acid (HClO4), sodium fluo-
ride (NaF), and hexafluorophosphoric acid (HPF6),
were used [18,19].

A SPE electrolyzer shown, in Fig. 1, that permits
ozone production even in the absence of SEs was
used in order to better identify the influence of the SE
concentration on EOP. This electrolyzer was manufac-
tured as previously described [25]. The membrane
electrode assembly (MEA) consisted of a commercial
BDD mesh electrode (apparent surface area: 9.0 cm2;
wire diameter: 0.1 cm, Condias GmbH, Germany) as
the anode, Nafion®117 (DuPont, New York, NY, USA)
as the SPE, and a 316 stainless steel mesh (apparent
surface area: 5.4 cm2; wire diameter: 0.03 cm) as the
cathode. A titanium current collector was used for
the BDD electrode, and an Ag/AgCl (KCl sat’d)
reference electrode was used. It was confirmed that
the titanium current collector did not take part in the
electrochemical reactions.
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The effect of individual SEs on EOP with a BDD
electrode was conducted for the five different species
(KH2PO4, KNO3, HClO4, NaF, and HPF6) selected as
their concentrations were varied from 0.1 to 100 mM.
The selected species were relatively inert in this
electrochemical system with �OH. For instance, the
fluoride anion is known to be inert during electrolysis,
and a relatively slow reaction between H2PO

�
4 and

�OH was reported (rate constant: 2 × 104 L mol−1 s−1)
[26,27]. Note that a SPE electrolyzer, enabling the
electrochemical reaction to occur in conditions of
extremely low SE concentrations, was used to investi-
gate the effect of SEs on EOP in a low concentration
range. Indeed, the concentrations of the SEs (0.1 mM,
DW) in this study were remarkably lower than those
in previous studies [18,28]. EOP in the presence of
each SE or DW was carried out in the batch mode
with stirring under a constant current density of
33 mA cm−2 (Potentiostat, Princeton Applied Research,
Oak Ridge, TN, USA).

The concentration of ozone was measured with the
indigo method and a UV–vis spectrophotometer
(Agilent 8453, Agilent Technologies, Santa Clara, CA,
USA). The indigo method is based on quantitative
decolorization of indigo trisulfonate. This reaction is
observed at 600 nm with a detection limit of about
0.01 mg L−1 [29]. Then, aqueous ozone was measured
at room temperature (20˚C). The effect of a SE on the
formation of �OH was investigated with RNO, an �OH
probe compound [30]. RNO at 0.02 mM was bleached
with a constant current density of 33 mA cm−2 in the
absence or presence of each SE (0.01 mM), and the

concentration of RNO was measured over time at
440 nm with a UV–vis spectrophotometer. Then, the
observed first-order decay rate constant (kRNO,obs) for
the reaction of RNO was determined with Eqs. (6) and
(7) [31,32] as follows:

�d½RNO�
dt

¼ k½�OH�ss½RNO� ¼ kRNOobs½RNO� (6)

� ln
½RNO�
½RNO�0

¼ kRNO;obst (7)

where [RNO] is the concentration of RNO; kRNO,obs is
the kRNO;�OH∙[�OH]ss; kRNO;�OH is the rate constant
between �OH and RNO (1.2 × 1010 M−1 s−1, [33]); and
[�OH]ss is the steady state concentration of �OH. This
production rate was estimated by the slope of the
semi-log plot (Eq. (7)), which was obtained from the
assumption of pseudo-first-order kinetics. Note that
the magnitude of kRNO,obs represents the extent of the
�OH formation.

To investigate the effect of the SEs on the
electrochemical characteristics of water oxidation, cyc-
lic voltammetry was carried out at a scan rate of
160 mV s−1 for each individual SE and DW. A
stationary cyclic voltammogram of the 20th cycle is
presented. In order to examine the effect of the SEs
on the formation of H2O2 generated through the
combination of �OH, H2O2 was measured with the
DMP method at 454 nm [34] in 0.01, 1, and 100 mM
KNO3.

Fig. 1. The configuration of a SPE electrolyzer (working electrode (WE): BDD mesh electrode; counter electrode (CE):
stainless steel mesh; reference electrode (RE): Ag/AgCl KCl (sat’d); SPE: Nafion® 117; current collector (CC): titanium).
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4. Results and discussion

Fig. 2 shows the average EOP on the BDD elec-
trode in the presence of the SEs (KH2PO4, KNO3,
HClO4, NaF, and HPF6) at varying concentrations
(0.01, 1, and 100 mM) and in DW.

The individual plot with standard deviation was
drawn by averaging the EOP values for the five SEs.
As seen in Fig. 2, three important observations can be
addressed. First, the presence of SEs significantly
affected the suppression of EOP. EOP decreased about
98, 64, and 22% in 100, 1, and 0.01 mM SE concentra-
tions, respectively, compared to the EOP in DW for
5 min. Second, the type of SE rarely influenced the
EOP at each concentration, judging from the small
standard deviation. Only the SE concentrations signifi-
cantly affected the magnitude of the EOP regardless of
the type of SE. This observation is also supported by
the highest EOP in DW. Third, the EOP for DW is
limited because of the high-resistance condition in a
conventional electrochemical system. However, with
the SPE electrolyzer, the measurement of EOP in DW
can be achieved, which enables electrolysis at an extre-
mely low concentration of SE or DW. The electro-
chemical reaction is possible in the three phase
boundary of the SPE electrolyzer: (1) the intersection
of the Nafion-H electrolyte (liquid-like phase), (2) the
electrodes (solid), and (3) the water (liquid), even
without SE [1,25,35].

Fig. 3 shows a representative cyclic voltammogram
of the BDD electrode for 100 mM KNO3 and DW (the
inset: 0.01 mM KNO3 and DW, 160 mV s−1). Although

the EOP was overwhelmingly suppressed at the high
concentration of KNO3 (100 mM) compared to that in
DW (Fig. 2), the anodic current density increased
substantially at 2.0–3.0 V vs. Ag/AgCl KCl (sat’d).
Furthermore, similar cyclic voltammogram trends
were observed in the other SEs (HClO4, NaF, HPF6,
and KH2PO4) (refer to Fig. S1 in SI). On the other
hand, at low concentration of SEs (0.01 mM), the ano-
dic current density was similar to that in DW shown
in the inset in Fig. 3. This result suggests that the EOP
decrease at a high concentration of SEs did not result
from the suppression of electrolysis (Reaction (1)). As
mentioned earlier, electrolysis can occur on both the
whole electrode surface and the three phase boundary,
leading to an increase in the anodic current density in
the presence of the SEs.

Table 1 shows the observed first-order decay rate
constants (kRNO,obs) of the reaction with RNO in aque-
ous solution containing five the different electrolytes
and DW (a SPE electrolyzer, 33 mA cm−2, 0.01 mM,
30 s). As shown in Table 1, the values of kRNO,obs in
the presence of the SEs were higher than that in DW
regardless of the type of SEs, indicating an increase in
the formation of �OH in the SEs. Overall, in the pres-
ence of the SEs, the increase in anodic current density
in Fig. 3 and �OH formation in Table 1 suggest that
Reaction (1) cannot be suppressed by the anions of the
SEs. In contrast, the EOP was suppressed in the
presence of the SEs in Fig. 2. As a result, it can be
interpreted that the anions in the SEs do not interfere
with the electrolysis (Reaction (1)) even at a low
concentration and significantly affect other reactions
(Reactions (2)—(4)).

Fig. 4 shows the production of H2O2 in 0.01, 1,
and 100 mM KNO3 and DW, which can be generated
through the combination of �OH solution. As can be
seen in Fig. 4, the production of H2O2 was greatly
inhibited as the concentration of KNO3 increased in
accordance with the tendency of EOP (Fig. 2). The
H2O2 productions decreased about 98, 64, and 22%
for the 100, 1, and 0.01 mM SE concentration
(KNO3), respectively, compared to the EOP in DW
for 5 min. Although �OH formation is not suppressed
even at a low concentration for the SEs (Table 1), the
H2O2 formation remarkably decreased. This result
indicates that the combination of �OH on the BDD
electrode is also being hindered by the anions in the
SEs (Reaction (5)).

Consequently, the results of this study propose
that the inert anions near the BDD electrode surface
significantly affect EOP. Because the anions are
densely packed, the diffusion or combination of �OH
can be hindered at a high concentration of SE. On the
other hand, �OH on the BDD surface at a low

Fig. 2. The average EOP on the BDD electrode in the
presence of SEs (KH2PO4, KNO3, HClO4, NaF, and HPF6)
at varying concentrations (0.01, 1, and 100 mM) and in the
DW. The individual plot with standard deviation was
presented by averaging the EOP values in five SEs
(33 mA cm−2).

J. Choi et al. / Desalination and Water Treatment 57 (2016) 10152–10158 10155



concentration can feasibly diffuse to the bulk and react
with the adjacent �OH with less hindrance from the SE
anions.

5. Conclusion

In this study, the effect of the inert SE in EOP on
a BDD electrode was investigated quantitatively.
Although �OH formation was not inhibited even at a
low concentration of SEs, the presence of the selected
SEs caused a significant suppression of EOP on the
BDD regardless of the SE type. This suppression of
EOP on the BDD electrode is explained by the inter-

ference from the diffusion or combination of �OH
with the SE anions concentrated near the electrode
surface. This mechanism is supported by the sup-
pression of H2O2 production. Furthermore, EOP in
DW was measured with a SPE electrolyzer, which
enables electrolysis in an extremely low concentration
of SE and DW. Therefore, this study contributes by
providing a better understanding on the effect of SEs
on EOP in a SPE/BDD system.

Fig. 3. Cyclic voltammograms on the BDD electrode in 100 mM KNO3 compared to that in DW (the inset: 0.010 mM
KNO3, 160 mVs−1, the SPE electrolyzer).

Table 1
The observed first-order decay rate constants (kRNO,obs) of
the reaction with RNO in an aqueous solution containing
the SEs (0.01 mM) compared to that in DW (a constant
current of 33 mA cm−2, 30 s, SPE electrolyzer)

kRNO,obs
a (×10−2 s−1)

DW 3.5 ± 0.1
KNO3 5.7 ± 0.2
KH2PO4 6.2 ± 0.6
HClO4 5.3 ± 0.8
NaF 5.2 ± 0.2
HPF6 5.5 ± 0.2

akRNO,obs = the kRNO;�OH [�OH]ss (kRNO,
�OH) is the rate constant

between �OH and RNO (1.2 × 1010 M−1 s−1), and [�OH]ss is the

steady state concentration of �OH.

Fig. 4. Electrochemical production of H2O2 on the BDD
electrode in the presence of KNO3 (0.01, 1, and 100 mM)
compared to that in DW (33 mA cm−2, the SPE
electrolyzer).

10156 J. Choi et al. / Desalination and Water Treatment 57 (2016) 10152–10158



Supplementary material

The supplementary material for this paper is
available online at http://dx.doi.10.1080/19443994.
2015.1043490.

Acknowledgement

This research was supported by a grant from
Industrial Facilities & Infrastructure Research Program
funded by Ministry of Land, Infrastructure and
Transport of Korean government (grant number
13IFIP-B065893-01).

References

[1] K. Arihara, C. Terashima, A. Fujishima, Electrochemical
production of high-concentration ozone-water using
freestanding perforated diamond electrodes, J. Elec-
trochem. Soc. 154 (2007) E71–E75.

[2] S. Stucki, G. Theis, R. Kötz, H. Devantay, H. Christen,
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