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ARTICLE INFO ABSTRACT

Keywords: In this work new diamonds coating, named as nanocrystalline diamond (ND) and ultrananocrystalline diamond
Peroxosul.phate (UND) are evaluated for the production of peroxospecies derived from the electrolysis of sulphuric acid and their
Caro’s acid performance is compared to that of a commercial diamond coating widely used in the literature and well-known
Diamond electrodes . . . . . fs .

Blectrolysis by its outstanding performance. The oxidant production was tested at two different current densities and sig-

nificant differences were found in oxidant production between the electrodes applied in the different conditions
studied. Results demonstrate that when the lowest current is applied (25 mA cm’z), the ND and UND electrodes
are more efficient in the persulfate formation. For ND electrode, this behavior can be explained in terms of the
promoted hydroxyl radical formation at these conditions. However, the UND electrode presented different
behavior: the lesser hydroxyl formation and highest peroxospecies formation. This behavior may be attributed to
the sum of two factors: the high sp? content in the diamond film and its porosity, that can increase the sulphate
adsorption at the surface that, in turn, facilitates the persulfate generation. This behavior can be proved by the
Tafel plots and are explained by the electrode’s features discussed by Raman spectra. When the operation current
is increased to harsher conditions (300 mA cm2), the commercial electrode increases importantly the pro-
duction of the studied oxidant. One more time it can be attributed to the hydroxyl radical generation at this
condition. Considering the energy consumption and the process efficiency, it can be concluded that the UND
electrode is more attractive for this application in the studied conditions.

1. Introduction

Over the last decades, an increasing interest in the production of
oxidants using electrochemical technology has been noticed. Applica-
tions of oxidants in disinfection, removal of pollutants, as bleaching
agents or, alternatively, in many other industrial processes help to
explain this interest. Electrolysis is, perhaps the technology that best suit
to this production and, in addition to the well-known production of the
chlorine commodity, there are many licensed processes in operation
nowadays and much more under research & development at different
technology readiness levels (TRL) [1].

Oxidants like ozone, hydrogen peroxide, chlorine dioxide and
different peroxocompounds are in focus nowadays [2]. However, one of
the oxidants that currently is attracting a great deal of attention is per-
oxosulphuric acid [3]. Under this name, three different types of products
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are included. The two first, peroxomonosulphuric acid (or alternatively
peroxymonosulphuric acid or caro’s acid) and peroxodisulphate anion
are real peroxocompounds, with a structure shown in Fig. 1 character-
ized by including a real peroxo group —O—O— interacting with sulphur
atoms [4].

In addition, as for many other peroxocompounds (a family of prod-
ucts in which peroxocarbonates, peroxophosphates and peroxonitrates
area also included) different products consisting of mixtures sulphuric
acid/hydrogen peroxide with different degrees of stabilization are also
marketed, although they are not real peroxocompounds because they
lack the group peroxo —O—O— in their structure. In fact, in the com-
mercial product this group is associated only to the hydrogen peroxide,
being much less active from the oxidation perspective.

Under acidic conditions, the primary species formed by electrolysis is
the Caro’s acid, which has an outstanding reduction potential of 2.5 V vs
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Fig. 1. Molecular structure of peroxymonosulphuric acid (Caro’s acid) and
diperoxosulphuric acid (persulphate).

SHE. First application of diamond coatings in the production of Caro’s
acid was proposed by the group of Comninellis more than two decades
ago [5] and from that moment many other contributions have been
made regarding the suitability of these electrodes for the production of
this interesting oxidant [6]. Two mechanisms have been proposed for
the electrochemical production of the Caro’s acid. The first is shown in
Eq. (1) and consists of the direct electrolysis of sulfuric acid on the
surface of the diamond coating.

H,S04 + HyO — HpSOs + 2HT + 2¢~ @

The second is a mediated process that starts with the production of
hydroxyl radicals on the surface of the diamond anode (Eq. (2)) and
continues with the successive attack of sulphuric acid by these radicals
(as shown in Egs. (3) and (4)). The massive production of hydroxyl
radicals that do not interact with the surface of the diamond coating
explains the feasibility of this mechanism.

H,0 - 'OH + H + e- )]
H,SO4 + "OH — HSO;" + H,O 3)
HSO3+"OH — H,S0s @

The reduction product of the Caro’s acid is sulphate, which can be
further regenerated to produce the oxidant. Decomposition is favored by
the presence of activators that allow transforming the Caro’s acid into
sulphate radicals. It is also promoted by operating at temperatures over
55 °C with a characteristic release of oxygen bubbles when a solution
containing this compound is heated according to Eq. (5).

H,SOs + HyO — HySO4 + 05 + 2HT + 2¢” (5)

So, for an efficient production is required to skip out the heating of the
electrolyte and, as for many other oxidants produced electrochemically,
it is also required to prevent the concurrent production of scavengers in
the electrolyte, among which ozone and hydrogen peroxide stand out.
These oxidants interact with the peroxocompounds producing radicals
that end up in the unproductive formation of oxygen.

Structure of the diamond coating affects significantly to the effi-
ciency in the production of oxidants. Inputs such as the sps/sp2 ratio,
morphological structure of the diamond surface and doping level can
raise or decrease the efficiency of the overall process. Regarding the
morphology and the BDD film grain size, chemical vapor deposition
(CVD) operational conditions are determinants for the obtention of
micro (MD), nano (ND), or ultrananocrystalline (UND) morphology
[7-10]. While MD films present grain sizes larger than 1 uM and high
roughness, ND and UND present a smoother morphology due to the
smaller grain sizes between 10 nm and 1 pM for the first case and lower
than 10 nm for the second [9,10]. Besides, the spz'bonded carbon
amount is higher in films with smaller grains because it is trapped in the
grain boundaries or structural defects, which may also affect the mate-
rial electrochemical performance [11].

Considering that, in this work the performance of two novel diamond
coatings nanocrystalline diamond (ND) and ultrananocrystalline dia-
mond (UND) is going to be compared to that of a well-known com-
mercial standard that shows outstanding performance. The oxidant
production will be tested at two different current densities and a very
exhaustive chemical and electrochemical characterization will be made,
in order to understand the impact of the changes introduced in the new
coatings on the production of the Caro’s acid.
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2. Materials & methods
2.1. Diamond coatings

The commercial microcrystalline boron-doped diamond electrode
was purchased from Adamant (Switzerland). Boron-doped nano-
diamond (ND) and Boron-doped ultra-nanodiamond (UND) were
deposited by hot-filament chemical vapor deposition technique (HF-
CVD) using a gas of 200 sccm with a mixture of CH,, and Hj and B,03
dissolved in methanol as boron source with B/C ratio of 30,000 ppm.
The ratio of the gas mixture followed the previous publications of our
research group for ND [12] and UND, including the Ar dilution [13,14].
The pressure and temperature were maintained at 650 °C and 30 Torr
during the 7 h of growth. In the specific case of ND, the commercial
titanium sheet (25 x 25 x 1.5 mm) used as substrate was pretreated
before the growth with diamond powder following the methodology
described by Oishi et al [15]. On the other hand, the substrate used as a
+ s for the UND growth was the TiOy nanotubes acting not only as a
mold above the Ti sheet (25 x 25 x 1.5 mm) (providing a higher elec-
troactive surface) but eliminate the need for pre-treatment, as used in
conventional diamond samples [13,14].

2.2. Physical characterization

The quality of the electrodes and their features were evaluated by
Raman spectroscopy using a 514 nm laser and bands of interest were
fitted using Lorentzian curves according to [12]. In addition, the elec-
trodes were evaluated by SEM to guarantee a film without cracks or
delamination (not shown).

2.3. Electrochemical characterization

Electrochemical surface area of the electrodes was estimated by
means of cyclic voltammetry in a redox pair presence (ferrocyanide/
ferricyanide 1 mM) by the application of a fitted linear equation ob-
tained to anodic peak current plot versus the square rote of scan rate at
the Randles-Sevcik equation according to Mei et al. [16]. Furthermore,
polarization curves were recorded in 1.0 M H,SO4 for the electrodes, and
Tafel analysis were conducted.

2.4. Caro’s acid production

The peroxymonosulphuric production with the three studied elec-
trodes was evaluated using a 3D-printed electrochemical cell, where the
diamond films with a geometrical area of 3.0 cm? were set as the anode
and steel as the cathode. Both sides were separated by a spacer and the
flow inside the electrochemical cell was maintained upwards to promote
the interaction of the electrode total area with the BDD surface. The
temperature was also controlled at 25 °C, the flux was kept at 50 L h™?
and the total volume used was 0.35 L of 1.0 M H»SO4. Two current
densities were applied: 25 and 300 mA cm 2 and the Caro’s acid pro-
duced was measured by iodometric titration. Additionally, the experi-
mental results were fitted using a proposed phenomenological model.
Tests with the same conditions applied for Caro’s acid generation were
performed with 0.1 g/L of salicylic acid to quantify the hydroxyl gen-
eration produced by the different electrodes, following the methodology
reported in literature [17]. By this method, the degradation pathway
promoted by the anode is the key to the quantification and provides
information about the kinetic of the oxidant production.

3. Results and discussion
3.1. Physical and electrochemical characterization

According to literature [18-22], the reactions occurring at the sur-
face of BDD anodes can be influenced by features related to the material
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synthesis, particularly graphitic type carbon (sp?) content, grain size and
disorder degree of coating which is also expect to direct affect electro-
chemical properties such as electrochemical active surface area and
oxygen evolution reaction overpotential. These differences can affect
the amount of hydroxyl radicals generated and that can help to clarify
the behavior of diamond coatings anodes during the application for
oxidants electrosynthesis.

Firstly, Raman measurements were carried out with the aim of attest
to the quality of diamond films as well as to evaluate the differences in
diamond films composition. Fig. 2a. shows that Raman spectra obtained
for the studied electrodes are rather different. As can be seen, the
characteristic diamond signature, attributed to carbon sp® bond at
1,333 cm™! [9] is evident for commercial and ND anode, while for UND
this diamond signal is completely hidden by the D band [23,24].
Moreover, for the commercial anode, the sp® peak presents Fano
asymmetry (a common feature for doped microcrystalline diamonds)
[25], however for the ND electrode, only a small signal is presented due
to the interference caused by the D band. The D-band can be related to
sp>-bonded carbon atoms in aromatic rings and is also present in the
commercial coating [9]. Regarding the G band, which is also a sp?
signature attributed to vibrations in chain or ring configuration, it ap-
pears in different intensities according to the electrode: UND > ND >
commercial. Additional signals attributed to the vibration of C—H and
C=C stretching vibration modes in trans-polyacetylene (TPA) can be
also visualized in the Raman spectra of electrodes [26-28].

Once ratio of non-diamond to diamond carbon (i.e. spg/sp2 ratio)
cannot be calculated for all electrodes, since sp° band is not present
significantly for UND anode compared to sp? presence and due to the
high degree of amorphization, other strategies were used to better un-
derstand the diamond features [29]: i) the ratio between the peak D
intensity and peak G intensity (ID/IG) that can be helpful to analyze the
film disorder related to the impurity presence in diamond films and, ii)
the peak G position that allows the analysis of graphitic agglomerates in
grain boundaries (Fig. 1c).

As expected, in Fig. 2b it is clear to note that the ID/IG ratio tends to
increase with the decrease in the grain size, which indicates higher
disorder for ND and UND coatings as compared to commercial one. This
result agrees with other studies from literature that reports that the
disorder of the diamond coating increases with decrease in the grain size

A Diamond signature (~1333 cm™)
Dband TpA
//.— Gband

Commercial

Intensity (a.u)

Journal of Electroanalytical Chemistry 954 (2024) 118021

[30,31]. Further, although the commercial electrode has a microcrys-
talline feature very clearly, as pointed out by the sp® diamond band, and
lower disorder if compared with the other films, the small D peak and
the presence of a G band indicates that the film presents graphitic
content in the grain boundaries. The upshifting of the G band position,
perceived to the commercial film (1,556 cm’l) from the UND (1,587
em™1), reveals an increase in the number of aromatic rings and the size
of the sp?-bonded carbon located at grain boundaries.

Furthermore, taking into account previous studies [13,32] the two
performed analyses can also provide information about the conductivity
of the material: the increase of ID/IG and the upshift of the G band for
films with sp? contend, may reflect the increase of the material con-
ductivity. Besides the higher conductivity, the presence of sp? in dia-
mond films can provide different features like more active sites on the
surface, that can affect the electrode performance in different electro-
chemical applications. In addition, some studies in the literature sug-
gests that electrodes with higher sp? content can be more effective in
persulfate production [33].

The electrochemical behavior of diamond coatings was initially
evaluated by CV measurements in redox couple [Fe(CN)G]‘H/ 3t at a
potential scan rate of 50 mV s (Fig. 3). During this measurement, the
redox couple is used as a marker to evaluate the electrode behavior, in
both cathodic and anodic potential regions, by the electron transfer
reaction that occurs at the active sites on BDD’s surface [34]. As result,
typical well-defined redox peaks can be visualized for the three elec-
trodes and similar values around 1.3 for Ipa/Ipc ratio (the ratio between
anodic and cathodic peaks), indicates a quasi-reversible system. In
addition, the UND and ND electrode presented smaller separation be-
tween the anodic and cathodic peaks (also known as AEp) in comparison
to commercial one, which means that fabricated coatings present faster
electron transfer kinetics.

Then, to further explore the electro transfer process for all electrodes,
CVs were recorded at several scan rates ranging from 5 to 500 mV s~ *
and, by the linear relationship between square root of the scan rate and
the anodic current intensity. From these results it is possible to verify
that: i) the process is diffusion-controlled, and ii) the UND electrode
followed by the ND presents higher slope, reflecting in the better elec-
tron transfer for these electrodes.

In addition, using the fitted slope and applying this value to the
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Fig. 2. A) Raman spectra, B) ID/IG and C) G band position for commercial, ND and UND electrodes.
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Fig. 3. (A) Square root of the scan rate and the current intensity for the studied electrodes and the different CV shapes obtained for the electrodes (inset).

Randles-Sevcik equation [16], an important feature that is electro-
chemical area can be obtained. As can be seen higher electrochemical
area values were obtained for UND (2.9 cmz) and ND (1.69 crnz)
compared to the commercial electrode (1.1 cm2; this result indicates the
presence of more active sites for the reactions occurring at the UND and
ND surface and is a result expected from porous electrodes [16,35].

3.2. Caro’s acid production

Fig. 4 shows the results obtained for Caro’s acid production at two
different current densities (25 and 300 mA cm 2) using the three
different electrodes at the two current applied. In both cases, the charge
applied per volume of electrolyzed solution was the same. In the oper-
ation at soft conditions, that is low current density (25 mA cm’z), it is
interestingly to note that manufactured UND and ND electrodes were
more efficient for Caro’s acid production than commercial electrode
following this order: UND > ND > Commercial. On the other hand,
when current is increased to 300 mA cm ™2, the production of Caro’s acid
for commercial electrode within hasher conditions is improved and tend
to increase with time, while for ND electrode the production of oxidant
is drastically reduced and for UND is slightly lower than results obtained
at lower current density.

It is worth to comment that at the beginning of the reaction, when
low electric charges are applied, large amounts of species are available
for conversion into Caro’s acid. However, for longer times (higher
applied charges) secondary reactions are responsible for the decompo-
sition of Caro’s acid, causing the balance between the degradation and
formation rates of the oxidant [36]. This behavior is well documented in
the literature and happens because, during electrolysis, not only pure
compounds are obtained, but a mixture of oxidants. Under conditions
here studied, Caro’s acid is the main primary species formed [37], but
the occurrence of anodic ozone (Egs. (6) and (7)), or hydrogen peroxide
generated cathodically, cannot be excluded as a secondary species
[36,38]. These species can act as scavengers of the primary species (Egs.
(8) and (9)), especially when discontinuous and single-compartment
cells are used. It is interesting to point out that these secondary spe-
cies are difficult to measure, since, as soon as they are formed, they
recombine.

3H,0 — O3 + 6H' + 6~ (6)

H;0 + O; — O3 + 2H" + 2¢” )
03 + HySO5 — 20, + HpSO4 (8)
03 + H,O, - 20; + H,O 9

Then, at the begining of the electrolysis the amount of Caro’s acid
formed presents similar kinetics, however a steady state value is reached
first for commercial electrode while for UND and UNBDD the oxidant
achieve a plateau at higher electrolysis time, which is expected since
more active sites are available at the surface of these electrode. Same can
be observed at 300 mA cm ™2, where differenciation is clearly noted after
1.3AhL™

Knowing that feasibility of a persulfate electrogeneration system will
depends on the energy requirements, two important parameters can be
determined from the data in Fig. 4, which are the faradaic current effi-
ciency and energy consumption per mM of Caro’s acid generated.
Fig. 5a. shows the current efficiency obtained by the fitting of experi-
mental data to a single phenomenological model that considers forma-
tion and degradation of the sulphate species at the different conditions.
The Petersen matrix of this model is shown in Table 1. This model
considers two processes occurring at the anode surface: 1) the formation
of Caro’s acid and 2) the oxygen evolution reaction. In these processes 1
represent de current efficiency (i.e the percentage of current used in
each process and sum of both must be equal to 1). Regarding processes
occurring at the bulk, the model considers the Caro’s acid decomposi-
tion generating oxygen and sulfuric acid following a first order kinetics
(with K as kinetic constant). Table 2 shows the parameters obtained after
fitting experimental results and the good reproducibility of the proposed
model fitted (r* ranging from 0.93 to 0.99).

As can be seen in Fig. 5a best current efficiencies are obtained at 25
mA cm ™2, which indicates that increasing the current density favors the
O, side reaction and scanvenger reactions for all anodes. By comparing
the efficiency of each anode, it is clear to note the outstanding results
achieved by UND coating, which current efficiency values approaching
1 with null waste of current in secondary reactions.

As expected for electrochemical processes, the three electrodes
showed an increase in energy consumption with the rise of the charge in
the process, regardless of the current applied (Fig. 5b-c). Besides, it is
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Fig. 4. Caro’s acid generation using the three diamond electrodes at A) 25 mA cm~2 and B) 300 mA cm 2. Dashed lines are for modelling data.

clear that the ND and UND electrodes have lower consumption
compared to commercial electrode in both current densities. When the
consumption per oxidant produced is analyzed, it is confirmed that the
commercial electrode is the one that needs the highest charge for greater
production of Caro’s acid. In addition, the UND, in addition to gener-
ating more oxidants, also allows this generation at lower consumption.

To understand the mechanisms involved on the Caro’s acid pro-
duction, the electrochemical behavior of 1.0 M H,SO4 at surface of the
different BDD anodes was investigated by means of polarization curves
(Fig. 6a). The oxygen evolution potential (OEP) for the UND electrode
was around 1.9 V vs. Ag/AgCl) which is much lower as compared to ND
(2.1 V vs. Ag/AgCl) and commercial diamond coating (2.2 V vs. Ag/
AgCl)). The obtention of Tafel slopes (inset Fig. 6b) from these curves
provides valuable information related to individual processes occurring
at the anode’s surface during the oxidation of sulfuric acid to Caro’s
acid. Interestingly, Tafel plots shows that two processes are happening
for UND anode: the first corresponding to oxidation of sulfuric acid to
peroxymonosulphuric acid and the second correspond to oxygen evo-
lution reaction. On the contrary, for ND and commercial anode just one

slope can be visualized and is not possible to discern two processes,
which indicates that formation of hydroxyl radicals [22,39] is favored at
these anodes and occurs concomitantly with Caro’s acid formation.

This difference is accordance with the results from bulk electrolysis,
where UND electrode outperformed ND and commercial anode at 25
mA cm 2 since at this condition the direct oxidation of sulfuric acid to
Caro’s acid is promoted, which is also explained by the high surface area
of this anode providing more active sites for this reaction to occur in a
direct way. In addition, it is important to highlight that the generation of
H,SOs production under the best conditions follows the trend of sp2
content shown by Raman, that is, electrode with high sp? content favor
direct oxidation of sulfuric acid while higher sp® in the electrodes con-
tent favor indirect oxidation by the higher amount of "OH radicals
generated [9]. To confirm this hypothesis, the production of ‘OH was
evaluated for each diamond coating and the results are presented in
Fig. 7.

The quantification of "OH (Fig. 7) was performed in perchloric acid
(1 M) due to the incompatibility of the technique when using 1 M H3SOy4,
since previous analyses suggested that the high acid concentration and
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Table 1

Petersen matrix for the production of Caro’s acid.
Process/species S1 S2 S3 Kinetics
Caro’s acid production -1 +1 I/n1Fq
Water oxidation +1 I/nyF-(1-n)
Caro’s acid decomposition -1 +1 K[S-]

Abbreviations: Specie 1(S1): sulphuric acid; Specie 2 (S2): peroxymonosulphuric
acid; Specie 3 (S3): oxygen.

affinity of the electrodes for HySOs production led to a preferential
scavenger reaction of ‘OH produced to form H3SOs, then the salicylic
acid is attacked by this oxidant instead of by the ‘OH as expected. Also, it
is possible to observe that, unexpectedly, the ND electrodes produce a
greater amount of ‘OH at lower current density compared to both UND
and commercial anode. Conversely, at higher current density, the
commercial electrode outperforms the production of ‘OH radicals
compared to ND coating and UND coating, where the last one present

Table 2

Journal of Electroanalytical Chemistry 954 (2024) 118021

Parameters used in the phenomenological model proposed for Caro’s acid pro-
duction at the surface of different diamond coatings.

Anode j (mA cm™2) K n r
UND 25 9.59E-04 1.0 0.96
ND 25 9.59E-04 0.80 0.96
Commercial 25 9.59E-04 0.60 0.93
UND 300 9.59E-04 0.56 0.98
ND 300 9.59E-04 0.20 0.99
Commercial 300 9.59E-04 0.56 0.96
0.6
24 Commercial
0.5 ’5‘ " | ——ND 029 V.dec’ /0_52
2 ——UND V.dec’
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£ —on2
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Fig. 6. Polarization curves recorded for the studied electrodes in 1 M H,SO4
(inset shows Tafel plots).

almost null production of ‘OH radical. These results point out that the
production of HySOs at surface of ND and commercial coating are
mainly mediated by the "OH generated and follows the trend: the higher
hydroxyl production the higher is the amount of HySO5 accumulated
with time according to (Egs. (2)-(4)). However, a different mechanism is
involved in the HySOs production using the UND electrode, since "OH
formation is low at both soft and harsh conditions. This behavior agrees
with observed in polarization curves, which indicated a favored direct
mechanism for Caro’s acid formation at the surface of this anode (Eq.
(1)) and Raman spectra (Fig. 1a) which shown a higher amount of sp2
carbon amongst electrodes studied (D- and G-band related to sp?
-bonded carbon are much more intense). These results are in agrrement
with previous studies that demonstrated that lower amount of sp® car-
bon can also imply on a lower amount of ‘OH since BDDs with higher
diamond/graphite (sps/spz) carbon ratios showed better outcomes in
terms of target pollutant degradation than those with higher amount of
sp2 carbon [40,41]. Aslo, despite the direct mechanism is involved in the
H,SOs5 production using the UND electrode the higher electrochemical
surface area of this anode due to the its high porosity also contributes to
the better outcomes in terms of the Caro’s acid formation achieved by
using this anode.

Finally, it is interesting to note that the results depicted in Fig. 7
agrees with Tafel analysis: higher Tafel slope indicates that production
of "OH is unfavored at the surface of UND electrode as compared to ND
and commercial coatings. Based on the results obtained in this study, the
potentiality of the application of the UND electrode in the electro-
chemical generation of the oxidant H2SOs is evident. In addition, it is
interesting to highlight that the Caro’s acid production generation in the
best condition follows the sp? contend trend showed by Raman, in
accordance with the previous literature report.

4. Conclusions

From this work, the following conclusions can be drawn:
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Fig. 7. Hydroxyl radical and Caro’acid production for the studied electrodes in current densities 25 and 300 mA cm™~.

- Caro’s acid was efficiently produced in a flow reactor equipped with
three different diamond coatings and considerable amounts could be
attained at high current efficiencies by operating at low current
density (25 mA cmfz), while larger currents led to a decrease in the
production of this oxidant because of the promotion of secondary
reactions in all cases.

Among the tested anodes, ultrananocrystalline (UND) electrode were
more efficient for Caro’s acid production in terms of both current
efficiency (approaching 100 % at 25 mA cm 2) and energy con-
sumption (as low as 0.23 kWh m~3/mM Caro’s acid). This behavior
could be related to the direct oxidation occurring at the surface of
this anode as observed by the lower hydroxyl formation among
anodes.

Two factors are also deeply correlated: the high sp? content in the
UND diamond film (observed by Raman spectra) and its high
porosity and electroactive surface area, which in turn provides more
active sites for the SO4 adsorption to form peroxomonosulfuric acid.
Tafel slopes corroborates these findings, where more formation of
hydroxyl radical is expected at surface of ND and commercial an-
odes, which presented lower slope valued from Tafel plots.
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- Considering the energy consumption and the process efficiency, we
can conclude that the UND electrode is more attractive for this
application in the studied conditions.
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