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Abstract.

Two boron doped ultrananocristallyne diamond (UNC) electrodes were manufactured
and compared with a standard microcrystalline commercial electrode, to clarify how their
differences may affect to the production of oxidants in the electrolysis of solutions
containing phosphoric acid or phosphate salts. Effects of the current density and
electrolyte pH were evaluated. Significant differences were found in the production of
oxidants, being the production of oxidants favored, at high current densities and alkaline
pHs. The effect of the pH was explained in terms of the higher stability of the
peroxodiphosphate anion in comparison with the monoperoxyphosphate acid produced at
low pHs. As well, because of the improved electrostatic attraction of the anion with the
anode. Despite not exhibiting the largest electrochemical surface area, the flat UNC
electrode shows the best performance for this process, except for the operation at low
current densities and alkaline pHs in which the porous UNC outperforms it. Better

efficiencies are obtained operating at mild current densities which was explained in terms



of the great significance of direct processes in the production of oxidants by electrolysis

of phosphoric acid or phosphate solutions
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Highlights

- Higher oxidant production at high current densities and with alkaline electrolytes
- Low efficiency of the electrolysis carried out at acidic pHs
- Oxidants production efficiency is highly influenced by diamond coating

- Flat UNC outperforms porous UNC and standard microcrystalline electrodes



Introduction

Production of oxidants using electrochemical technology is known for centuries but, due
to the progress made on electrode materials in the last decades, these processes become
more attractive than ever [1-4]. One family of compounds with a special interest is the
peroxocompounds, which can be considered as acids derivatives in which the group -OH
is substituted by a -O-OH [2,5]. This group includes peroxosulphates, peroxocarbonates,
peroxonitrates, and peroxophosphates. This work focuses on the last product of the group,
which, in fact, is not a single chemical but two different species: the less stable
peroxomonophosphoric acid (HsPOs), formed at acidic conditions, and the more stable
salts of the peroxodiphosphate anion (P20s*), formed at alkaline conditions. In addition
to both species, a third commercial product is typically found in the market under the
peroxophosphate or perphosphate “label”, but it is not real peroxophosphate (because it
lacks the peroxo group linked to a phosphorus atom), merely a mixed formulation
containing hydrogen peroxide occluded in crystallized phosphate salts (peroxo group is

not bonded to the phosphorus atoms).

Although it was reported the electrochemical production of oxidants during the
electrolysis of phosphate with platinum anodes for more than seventy years [1,6,7], that
process lacked efficiency and the electrochemical production of peroxocompounds
obtained by oxidation of phosphate solutions was found to be efficient using diamond
coatings [2,8,9], process which was first proposed at the turn of this century, both in

alkaline [10] (peroxodiphosphate) and acidic media [11] (monoperoxophosphoric acid).

Peroxophosphates are strong oxidants from the thermodynamic perspective, but the
oxidation is kinetically controlled and then, they can be considered as not very hard
oxidants unless activated with UV light or other oxidants, as it also happens with other

peroxocompounds. The easiness in the recovery of phosphate by precipitation



Iredissolution makes them very attractive as an alternative to peroxosulphates in advanced
oxidation processes (AOPs) [5,12]. Formation of the radical sulphate by activation of
peroxosulphates with other oxidant, UV light or other method is proposed as a very
convenient alternative to hydroxyl radicals in recent research works [13-18]. In this
context, the chemistry of peroxosulphates and peroxophosphate anions (and acids, as
well) is very alike and hence, phosphate radicals may substitute easily sulfate radicals in
those applications, with the additional advantage that sulphate anions are more difficult
to be separated from water than phosphate ions (which merely need a sequential change
in the pH). This means that in developing an effective process for the production of
peroxophosphates, and confirming its outstanding properties for the oxidation of organics
(which were investigated and pointed out in previous works [19,20]), phosphate radicals
can become a real alternative to sulphate radicals in AOP applications [21]. Recently a
review [1] indicated the standard reduction potentials of peroxocompounds and showed
the similarity between the ionic oxidants C,06> (1.80 V vs SHE), S20s% (2.01 V vs SHE)
P,0s% (2.07 Vvs SHE) and that of the radicals PO4+> (2.26 V vs SHE) and SOs*™ (2.4 V vs

SHE).

In previous work, it was found that characteristics of the diamond coating and substrate
influenced very importantly on the peroxophosphate production process performance
[22]. In fact, it was investigated the effect of the diamond doping level, sp®/sp? ratio, and
thickness of the diamond coating and it was found that this later parameter was of
outstanding significance, which was explained in terms of the interactions of silicon
(substrate onto which the coating was deposited) with phosphates. This effect of the
substrate was further investigated in a more recent work during the formation of
peroxosulphates in which, again, the positive effect of silicon was pointed out within

comparison with the use of substrates of niobium and tantalum substrates [23].



Now, we want to retake the topic with a new approach based on the development of
special diamond coatings that do not promote but prevent the massive formation of
hydroxyl radicals, favoring direct electrochemical surfaces with a larger surface area, and
try to determine how efficient is the manufacturing of this important chemical. This will
allow to understand better the oxidation mechanisms that develop on the diamond surface
and help to optimize the production of peroxophosphate, with the view of a near increase
in the technology readiness level of the generation technology. To do this, two novel
anodes with boron doped ultra-nanocrystalline diamond (UNC) coating were
manufactured and compared with a commercial standard microcrystalline electrode in
terms of peroxophosphate production at two different current densities: one softer (25 mA
cm2) and one harsher (300 mA c¢cm?) to clarify how electrodic surface area may influence
on the production of oxidants with acidic and alkaline phosphoric acid/phosphate aqueous
electrolytes. Results obtained allow to understand much better the complex formation of

these powerful oxidants and give important conclusions for future works.

2 Materials & Methods

Diamond coatings. Three different electrodes were used for peroxophosphates
production. Two of them present ultrananocrystalline morphology and were produced by
our research group using hot filament chemical vapor deposition (HF — CVD). In this
technique, a vacuum pump induces a vacuum in the system and the gas mixture is
introduced into the reactor with proportions adjusted by flow controllers. After
adjustment for the growth pressure, the energy source (DC SUPLITEC, model FA 5040
with a capacity of 50 V and 40 A) which is connected to the copper electrodes that support
the filaments controls the current to maintain the suitable temperature for the coating

growth. The substrate temperature was determined by a K-type thermocouple. After



reaching the growth temperature, an additional line of H is opened and the flux is
responsible for dragging the boron that evaporates by the action of the thermostatic bath
which contains the bubbler containing boron diluted in methanol. Both coatings were
obtained after 7 h of growth and the temperature and pressure were maintained at 650 °C
and 30 Torr, respectively. The B/C ratio for the dopping was 30,000 ppm and the growth

atmosphere was 85% argon, 13% hydrogen, and 2% methane.

The first coating (named UNC flat) is coated above a Ti sheet using a seeding
conventional pre-treatment procedure to obtain boron-doped electrodes [24], and the
second (named UNC porous) presents porosity and is coated above titanium dioxide
nanotubes without the seeding pre-treatment [25]. The third electrode is a commercial
boron-doped diamond electrode with microcrystalline morphology purchased from
Adamant (named ST). It is important to mention that all the electrodes presented the same

geometric area: 2 cm2,

Electrodes characterization. Scanning electron microscopy was used to evaluate the
morphology of the three electrodes (FEG-SEM; Zeiss Gemini SEM 50). Electrochemical
measurements were performed using a conventional three-electrode cell connected to a
computer-controlled Autolab potentiostat/galvanostat model PGSTAT 302N. The three
diamond electrodes were used as work electrodes and an Ag/AgCl (3M KCI) and
platinum were used as reference and counter electrodes, respectively. Cyclic
voltammograms (CV) in the presence of 1 mM of [Fe(CN)s]*’* (1M Na,SOs) were
recorded in different scan rates (5 — 500 mV.s) and the Sevcik equation was used to
estimate the electrochemical area of the electrodes [26,27]. In addition, linear
voltammograms were obtained using the bulk electrolyte with pH 1 and 12, and the Tafel

plot was also evaluated.



Analytical procedures. The peroxophosphates electrogenerated were measured using
iodometric titration [28]. In this methodology, potentiometric titrations with thiosulphate
in an acid medium were conducted and the oxidant species capable of oxidizing I to I3

are quantified.

Oxidant production process. Electrochemical oxidant production was carried out using
a setup with the same elements described in previous works about the production of
peroxophosphates [5] and equipped with a 3-D printed flow cell consisting of two
polymer plates (10.0 cm x 6.5 cm), mechanized each of them with one electrode housing
(2.5 cm x 2.5 cm) in the central part in which the electrodes to be tested were placed. In
this system, the electrolyte (1M H3PO4— pH 1 or 12) contained in a reservoir passes
through a pump with flow control, responsible for inducing the flow (50 L.h™) to the
electrochemical cell that supports the cathode (steel) and anode (diamond films). The
electrodes are connected to an energy source that applies the potential difference between
the electrodes necessary for electrolysis (25 and 100 mA.cm™). Also, the system is
equipped with a heat exchanger connected to a thermostatic bath to control the
temperature of the system at 25°C. The solution pH was maintained at alkaline value by
adding potassium hydroxide and the pH was monitored using a WTW-InoLab pH meter
and the aliquots to iodometric measurement were collected from the reservoir, using a

pipette.

The reproducibility of the different electrodes was evaluated by a reproducibility test that
was performed by a three-time repetition electrolysis analysis. The results suggested that
the error of the electrodes in oxidant production is +0.26, +0.32 and, +0.4 mmol.dm for

UNC, UNC porous and, Standard electrodes, respectively.



3 Results and Discussion

Electrodes characterization. Figure 1 shows SEMs images of the electrodes evaluated
in this work. As seen, the two electrodes manufactured in our lab presented an ultranano-
crystalline morphology, characterized by an average crystallite size above 10 nm and the
common “ballas” diamond structure [29,30]. In Fig 1 C, it can be observed that the surface
of the porous UNC is formed by inner (~60nm) and outer pores (200-250 nm). Additional
details about its morphology and structure are described elsewhere [25]. In comparison,
the ST electrode presented an average crystallite size of 0.2 — 0.4 um and the characteristic

morphology of microcrystalline films [31,32].

C - UNC porous

Fig. 1 — SEM images of the electrodes A) Standard, B) UNC flat and, C) UNC porous.

As a result of the smaller size of the crystals as well as the higher renucleation promoted
by the Argon on the sample's growing atmosphere [33,34], the surface areas of the two

UNC coatings are much higher, and so it is expected to be the electrochemical response



of these electrodes. In addition, the two UNC differs importantly because one of them
(UNC porous) showed a more porous frame which also is expected to influence the
surface area. This is confirmed by the voltammetric measurements, made with the couple
Fe(CN)s* /Fe(CN)s* and shown in Figure 2, in which it can be seen the larger
electrochemical response of the UNC electrodes (higher current densities for the same
potential applied), and the more reversible behavior of the pair Fe(CN)s* /Fe(CN)s* that
indicate a higher contribution of the surface processes, that is, of the direct exchange of
electrons with the UNC coating [27,35]. This is especially important in the porous UNC.
The three electrodes present good reversibility at slow scan rates, with similar values ratio
between anodic and cathodic peaks (around 1.3 for Ipa/lpc ratio), showing that the
processes are quasi-reversible and controlled by diffusion [27]. However, the commercial
electrode presented a wider AEp (between the anodic and cathodic peaks) showing slower

electron transfer.

From these figures, it can be obtained the electrochemical surface area with the Sevcik
equation [26,27]. As seen in Part D, the area of the flat UNC is more than double of that

of the commercial, while the porous UND triplicates this value.
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Figure 2. CV measurements performed at different scan rates in Fe(CN)s* /Fe(CN)s* redox
par for the electrodes A) standard; B)UNC flat and, C) UNC porous; and D) the square root of

the scan rate versus anodic peak intensity for the different electrodes.

Bulk peroxodiphosphate anion/ peroxomonophosphoric acid production. The three
electrodes, aimed to be evaluated in this work, were tested in a flow cell to produce
oxidants from the electrolysis of solutions containing sodium phosphate at pH 12 and

phosphoric acid solutions at pH 1, applying both:

e asoft current density of 25 mA cm?, for which the effect of hydroxyl radicals is
not expected to be very important, and direct interaction of phosphate with the
electrode is expected to define the primary production mechanism, and,

e a harsh current density of 300 mA cm, for which radical-based reactions are

expected to control the process.



Results during the electrolysis carried out to the acidic electrolyte are shown in Figure 3,
where it can be seen that the produced concentration of oxidants increased to reach a

steady state concentration in about 4 hours.
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Fig.3— Peroxomonophosphoric acid production .4ST 300 mA cm?; ®flat UNC 300 mA cm?;
@ porous UNC 300 mA cm™; A ST 25 mA cm?; [7 flat UNC 25 mA cm2 < porous UNC 25

mA cm™?

It is important to take in mind that although all oxidants measured have been quantified
as peroxomonophosphoric acid in the plot, this quantification can only be seen as an
approach, because there are no possibilities of measuring accurately the concentration of
this particular species in the reaction mixture, where in fact, a cocktail of oxidants is being
formed and undergo important interactions even promoted with the changes produced by
the analytical techniques used to measure them. Thus, in acidic conditions,

peroxomonophosphoric acid is the primary species expected (eq 1), but the occurrence of



ozone [36-39], also generated anodically either from water (eq 2) or from oxygen (eq 3),
promoted in acidic conditions, or other oxidants, like the cathodically generated hydrogen
peroxide [40-43] (eq. 4), cannot be excluded. Anyway, because of the high
concentrations of phosphoric acid, all these species will be produced not as primary but

as residual species.
H3PO4 + H,O — H3POs+ 2H*+ 2e- (1)
3H,0 - 0; + 6H* + 6e” (2)
H,0 + 0, = 0; + 2H* + 2e~ (3)
0, + 2H* 4+ 2e” - H,0, (4)

Typically, this production of multiple products made chemical characterization very
complex, because the different species interact importantly, as shown in egs 5-7, behaving
the less predominant as scavengers of the primary species and contributing not to
increase, but to decrease its concentration from the electrolyte. In fact, lifetime of these
species is very low and they are very difficult to be detected and only their effect is

observed.
05+ H3POs — 20,+ H3PO, (5)
H,0, + HzPO; — O,+ H;P0O, + H,0 (6)
05+ H,0, = 20,+ H,0 (7)

With respect to this scavenging effect, it is important to consider that in bulk production
of oxidants in discontinuous operation mode, the steady state reached is explained in
terms of the balance between the rates of production and decomposition of the oxidant
and it is not always the only response obtained. Thus, during the production of other

oxidants like ozone and hydrogen peroxide, instead of a plateau a maximum in the



concentration of oxidant reached is typically observed, which is associated to the

production and action of scavengers [44—47].

Regarding the effect of three inputs evaluated (coating, pH, and current density), as seen,
operating at high current density allows reaching higher concentrations of the oxidants,
although differences are much lower than the changes produced in the current density.
Thus, ratios between steady state concentrations reached is 1.5 for flat UNC, 4.8 for
porous UNC and 4.0 for ST coatings, while the ratio between the current densities applied
is as high as 12. Regarding the effect of the diamond coating, at high current densities the
ST electrode outperforms slightly the two UNC electrodes, but this trend reverses at low
current densities, where the effect of the direct processes is expected to be more
significant. Anyway, differences observed between the three electrodes are not very
important, especially if they are compared to those that are going to be obtained during

the electrolysis of alkaline solutions.

Thus, Figure 4 shows the results obtained in the electrolysis of alkaline solutions
containing sodium phosphate. Again, not a pure oxidant species but a cocktail of oxidants
is being formed in the electrolyte during the electrolysis, despite we accounted all
oxidants as peroxodiphosphate. In fact, in this case, the primary oxidant expected is the
anion peroxodiphosphate (eq 8), which is produced much more efficiently, attaining
values as high as 140 mM reached with the UNC electrode after seven hours of
electrolysis of the alkaline solution, which is more than 40 times higher than that obtained

at acidic conditions at the same current density.

2H3POs — H4P20g+ 2H*+ 2e- (8)

This indicates that effects of other oxidants produced electrochemically (ozone, hydrogen

peroxide) are completely different from that observed in acidic conditions and their



scavenging action is much lower. Differences between productions obtained at high and
low current densities are slightly above 15 mM.dm for the flat UNC coating and increase
up to 80 mM.dm for the ST microcrystalline coating which, opposite to what is observed
in the electrolysis of acidic solutions, are much higher than the ratio between the current
densities applied (ratio of 12). Surprisingly, this ratio is below 1 in the UNC porous,
pointing out that it operates more efficiently under the application of low current
densities. In fact, the performance of this electrode is extremely bad at high current
densities, what opposed to the performance shown at low current densities where it is the

best of the three electrodes evaluated.

As well, it is important to notice that the dynamic response of this electrolysis is slower,
and steady-state needs more than 7 hours to be reached, a value that indicates that
different processes are happening in comparison with the acidic electrolysis in which in
less than 4 hours the system was stabilized. In fact, after seven hours of electrolysis, the

concentration of oxidant is not stabilized in any of the tests made.
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Fig.4— Peroxodiphosphate production .4ST 300 mA cm?; &flat UNC 300 mA cm; € porous

UNC 300 mA cm™?; A ST 25 mA cm?; [7flat UNC 25 mA cm? < porous UNC 25 mA cm™.

The higher productions obtained at alkaline pHs can be explained in terms of the higher
stability of the peroxodiphophate anion, as compared to the monoperoxophosphoric acid,
as already reported in previous works [10,11]. As well, it is expected a different type of
interaction between the surface of the electrodes and the phosphorus species, considering
pKas for phosphoric acid are 2.5, 7.20, and 12.35. Thus, it is assumed a higher
electrostatic interaction between the surface of the anode and the phosphate and
biphosphate ions present at pH 12 than with the molecular phosphoric acid contained in
the solution at pH 1, where no electrostatic forces and no electromigration transport

mechanisms can develop.

To go further in the understanding of the process, experimental data were fitted to a single
phenomenological model that considers the formation and degradation of the phosphorus
species under different conditions. The Petersen matrix of this model is shown in Table 1
and lines plotted in Figure 3 and 4 are simulations made with the model, once the best
values for the different parameters were obtained following the application of a

mathematical fitting procedure.

Table 1. Petersen matrix for the production of peroxophosphates

Process/Species S1 Sz S3 Kinetics

Peroxophosphate production -1 +1 I/nF-h

Water oxidation +1 I/nF-(1-h)




Peroxophosphate decomposition -1 +1 K[S2]

S1: phosphate/biphosphate anion for production of peroxodiphosphate or phosphoric acid
for  production  peroxomonophosphoric  acid; S:  peroxodiphosphate  or

monoperoxophosphoric acid; Sz: oxygen

As seen, the model fits well to experimental results and regressions coefficients were
nearly 0.94 for the electrolysis of acidic electrolyte and 0.98 for the electrolysis of alkaline
solutions. The value of the decomposition kinetic constant was kept constant in the fitting
of all simulations made, in values of 0.0127 min and 0.0034 min in acidic and alkaline
electrolysis, respectively. These values reproduce satisfactorily electrolysis at high and
low current densities with the three electrodes, pointing out that pH is the primary input
affecting the stability of the products formed, as it was also found in a previous work in
which it was also found that stability of the produced peroxomonophosphoric acid
produced electrochemically depended not only on temperature but also very importantly
on the pH, being several times lower at pH below 5 [48]. This also indicate that there is
no cathodic reduction of the formed peroxophosphate species, because the decomposition

does not depend on the current applied.

Regarding efficiencies, the fitting of the parameter of the model to reproduce the
experimental data resulted in the values reported in Figure 5. These efficiencies are
coulombic efficiencies and inform that in the best conditions more than 80% current
efficiency can be obtained, while in the worst less than 6% of the current yields the
production of oxidant, being the rest of the electric current wasted in the oxidation of
water to oxygen, either directly or throughout decompositions processes. The porous

UNC reaches the highest efficiency at low current densities (nearly 90%) and the ratios



between efficiencies obtained with the three electrodes at alkaline pHs seems to be very
related at low current densities with the electrochemically active surface area. The bad
performance of the porous UNC at high current densities is also observed, being the
worsts in acidic and alkaline conditions. This behavior can be explained in terms of the
evolution of oxygen because the bubbles produced may block the entry into the pores for

the solution. Opposite the flat UNC performs always much better than the ST electrode.
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Fig. 5. Efficiencies calculated by mathematical fitting of experimental results.

The behavior observed for the current efficiencies can be better understood with the help
of a voltametric evaluation [49], shown in Figure 6, in which it can be seen that the

electrochemical window is much smaller operating at alkaline pHs that at acidic pHs.
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Fig.6 — Polarization curves recorded in 1M phosphoric acid with pH 1 and 12 and

Tafel plots (inset).

This observation was explained in previous works in terms of the direct oxidation of the
phosphate and biphosphate anions to the corresponding radicals as shown in Eq. 9 [48]
and it is supported by considering that current densities exerted for the same potential
applied depend on the surface area of the electrode tested, being largest for the porous

UNC (with the largest electrode surface area) and lowest for the ST electrodes.
POs — (PO42')' + e- €)]

This oxidation of phosphate to the radical is not expected to develop at acidic conditions

and the much wider electrochemical window indicates that oxidation observed



corresponds to the oxygen evolution with the previous formation of hydroxyl radicals as
shown in eq. 10.

H,O — (OH) +H" +e- (10)
The combination of phosphate radicals (eq 11) is a feasible mechanism to explain the

very high efficiency observed at alkaline pHs.

(PO42_)' + (PO42_)' — P,0g* (11)
Alternatively, formation of the phosphate and biphosphate radicals can be also mediated

by hydroxyl radicals as shown in eq 12.
POs* + OH = (PO4*) + OH (12)

However, this process may involve the formation of other oxidants that act as scavengers
of peroxodiphoshate (mainly ozone and hydrogen peroxide), and the interactions between
these scavengers and phosphate can be promoted by the largest area of the porous UNC,

which in turn, can explain the very low efficiency observed in that case.

Regarding acidic conditions, formation of peroxomonophophoric acid requires the
formation of the dihydrogen phosphate radical, either by direct oxidation (eq 5) or by
mediated oxidation following formation of hydroxyl radicals (eq 6) and the later
interaction of hydroxyl and dihydrogen phosphate radicals. Initially the direct process is
not promoted as in the alkaline conditions (as explained because of the electrostatic
interactions) and this explain the worse efficiencies reached operating at acidic
conditions, which are encouraged at high current densities because of the promoted

formation of scavengers.
H3POs — (H2PO4) + H'+ e- (13)

H3PO4 + OH'— (H2PO4) + H.O  (14)



(H2PO4) + OH'—> H3POs (15)

Hence, the flat UNC seems to outperform the two electrodes because it has a large surface
area but do not promote the scavenging effect. Opposite, the porous UNC is a very
convenient electrode for the production of peroxodiphosphate anion because it has very
large electrochemical surface area and promotes the formation of the oxidant by direct
processes in which hydroxyl radicals are not involved when operating at low current

densities.

4 Conclusions
From this work, the following conclusions can be drawn:

- The porous UNC exhibited a much higher electrochemically active surface area
and a faster electron transfer than the flat and the standard electrodes evaluated in
this work. The three electrodes show quasi reversible behaviors with the
Fe(CN)s* /Fe(CN)s* redox pair.

- The three tested electrodes show a high reproducibility in terms of oxidant
production. Results show that there is a very important influence of the diamond
coating of the production of oxidants during the electrolysis of solutions
containing phosphoric acid (acid pH) or phosphate salts (at alkaline pHs). Despite
not exhibiting the largest electrochemical surface area, the flat UNC electrode
shows the best performance for this process, except for the operation at low
current densities and alkaline pHs in which the porous UNC outperforms it.

- Better efficiencies are obtained operating at mild current densities which was
explained in terms of the great significance of direct processes in the production

of oxidants by electrolysis of phosphoric acid or phosphate solutions.



- Alkaline pH allows to obtain higher concentrations of oxidants, and this is
explained in terms of a promotion in the direct oxidation of phosphate and
biphosphate anions to phosphate radicals and their combination. As well because
of the much lower effect of the scavengers in that range of pH conditions.
Performance of acidic electrolysis should be explained in terms of the role of

hydroxyl radicals.
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