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Abstract

In order to enhance hydrogen peroxide (H>O») electrogeneration a catalyst based on less than 1
wt.% of Pd nanoparticles dispersed onto commercially available Printex L6 carbon black (PCL6)
is proposed and synthetized. The material was characterized by physico-chemical and
electroanalytical methods, demonstrating high activity with a 320 mV lower onset potential
compared to pristine PCL6 and high stability after 5,000 potential cycles. Its performance places
it among the most efficient bi- and monometallic electrocatalysts for H,O> production. When
testing the accumulation of H>O», a 1.69-fold molar increase was observed for Pdi«/PCL6
compared to PCL6. Different electrochemical advanced oxidation processes based on H>O»
generation have been performed to oxidize and remove pollutants as exemplarily shown on methyl
paraben in Na>xSOg4 solution as model pollutant. A boron-doped diamond electrode was used as
anode while Pdi«/PCL6 was tested in a rotating ring disk electrode (RRDE) and gas diffusion
setup. Pollutant degradation followed a pseudo-first-order reaction kinetic in the following order:
anodic oxidation along with H>O» generation (AO-H20,) < AO-H>0,/UVC < electro-Fenton (EF)
< photoelectro-Fenton (PEF). The best mineralization performance was found for PEF due to the
photodecarboxylation of Fe (III) complexes with UVC light, while the process with lowest energy
consumption per order was EF with 0.488 kWh m™ order’!. At the end of the work a route for

pollutant mineralization was suggested.

Keywords: H>O> electrogeneration, palladium, wastewater treatment, electrochemical advanced

oxidation processes, methyl paraben
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1. Introduction

Hydrogen peroxide (H20) plays a critical role in a wide range of industrial, commercial,
and domestic applications, including wastewater treatment (Campos-Martin et al., 2006;
Pesterfield, 2009; Edwards et al., 2015; Jiang et al., 2018). Technologies based on the in-situ
electrochemical H,O; production via the oxygen reduction reaction (ORR, Eq. (1)) represent an
environmentally friendly way to generate H>O» overcoming its transportation and storage
drawbacks (Carneiro et al., 2017).
O +2H" +2¢= —» H,O» (1)

Electrochemical advanced oxidation processes (EAOP) based on H>O> such as anodic
oxidation with H>O», (AO-H>0»), electro-Fenton (EF) and photoelectro-Fenton (PEF) allow the
generation of reactive oxygen species such as hydroxyl radicals (¢*OH) (Brillas, 2020; Moreira et
al., 2017). This strong oxidizing agent (E°(*OH/H20) = 2.80 Vsug) is capable of non-selectively
convert organic pollutants to less toxic products or even total mineralization to carbon dioxide,
water and inorganic ions (dos Santos et al., 2018a). In the last decade, the H2O2-EAOPs have been
widely used in the treatment of dyes (Brillas and Martinez-Huitle, 2015; dos Santos et al., 2020,
2016; Nakamura et al., 2019; Paz et al., 2018), pesticides (Carneiro et al., 2018; Dominguez et al.,
2018; Rosa Barbosa et al., 2018; Fdez-Sanromén et al., 2020), and pharmaceutics (Dirany et al.,
2012; Ganiyu et al., 2016; Zhang et al., 2019; Lima et al., 2020) in synthetic and real effluents (dos
Santos et al., 2018a; Ganiyu et al., 2018; Ren et al., 2020). However, an obstacle being faced in
the electrochemical production of H>O> and its coupling to EAOPs is the development of efficient
catalyst materials that selectively reduce O> to H>O; (Fellinger et al., 2012; Siahrostami et al.,
2013; Verdaguer-casadevall et al., 2014). Active and selective ORR (electro)catalysts to form

H>0O> must have sufficiently strong interaction with Oz so that the reaction can occur on the
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catalysts surface without breaking the intermolecular O=0 bond (Lobyntseva et al., 2007;Fellinger
et al., 2012; Siahrostami et al., 2013; Choi et al., 2014; Verdaguer-casadevall et al., 2014). An
ideal catalyst should demonstrate high selectivity, activity and stability at low costs. Recent studies
demonstrated that the metal loading in the carrier material affect the activity and selectivity toward
ORR (Inaba et al., 2004; Schneider et al., 2008; Nesselberger et al., 2013; Fabbri et al., 2014;
Taylor et al., 2016; Fortunato et al., 2018). At low metal loading, the selectivity for H,O» increases
and the O-O bond breakage is suppressed. As an example, the group of Arenz (Nesselberger et al.,
2013) evaluated the effect of Pt-particle proximity on the catalytic ORR activity. They noticed a
decrease in ORR activity with increase of the inter particle distance (ipd). The diffusion-limited
current decreased at lower cluster density (increasing ipd), suggesting a shift of the ORR
mechanism from 4e~ to 2e¢". Fabbri and co-workers (Fabbri et al., 2014) supported different Pt
loadings onto carbon and realized that the transition from dispersed Pt nanoparticles to extended
surfaces strongly influences ORR selectivity. Highly dispersed nanoparticles promote significantly
the production of H>O».

Effects on selectivity caused by varied catalyst loading and ipd were also suggested for Pd
(Fortunato et al., 2018; Mittermeier et al., 2017). Catalysts with different Pd loadings and different
ipd onto different carbon supports have been synthesized and tested (Fortunato et al., 2018). Low
Pd-catalyst loadings (<2 wt%) and high ipd (>125 nm) achieve selectivities to H>O: close to 100%
at low overpotentials resulting in high mass activities. The strong interaction between
carbonaceous materials and metal nanoparticles (catalyst-support interaction), which may be
responsible for changes of metal cluster electronic properties, becomes a key contributor to achieve
the observed catalytic performance as well as the long-term stability (Fortunato et al., 2018; Ma et

al., 2013). Carbon materials such as graphene and carbon black have been reported to be selective
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towards H>O; in alkaline (Assumpgao et al., 2011; Wu et al., 2017; Han et al., 2019; Jiang et al.,
2019; Kim et al., 2019; Cordeiro-Junior et al., 2020) and acidic (Fellinger et al., 2012; Zhang et
al., 2018; Kim et al., 2019; Melchionna et al., 2019) medium, mainly due to their oxygenated and
nitrogenated functional groups. However, in acidic conditions, the ORR typically takes place at
high overpotentials (Cordeiro-Junior et al., 2020; Daems et al., 2014; Fellinger et al., 2012; Lu et
al., 2019). Additionally, oxygenated and nitrogenated functional groups in carbon materials offer
ample anchor sites to stabilize metal catalysts.(Antolini, 2012; Barros et al., 2015; Fortunato et al.,
2016, 2018; Luo and Alonso-Vante, 2015; Ma et al., 2013).

In this work, a highly active, selective and stable catalyst toward the production of H,O; is
synthetized and evaluated using less than 1 wt.% of Pd nanoparticles (NPs) well dispersed onto
commercially available Printex L6 carbon black (PCL6), a carbonaceous material with oxygenated
and nitrogenated functional groups (Assumpgdo et al., 2011). The Pdi«/PCL6 catalyst was
analyzed by physical characterization techniques and electroanalytical methods. Besides the
significantly enhanced activity/selectivity/stability compared to commonly applied carbon black
and Pd-based materials, the novelty of the here described study lies in the fact of the in-situ
produced H>O; in a gas diffusion electrode (GDE) setup was evaluated and used to catalyze the
degradation of methyl paraben (MetP), chosen as exemplary organic pollutant. MetP is a well-
known endocrine disruptor with potential harmful effects to environment and human life when
incorrectly disposed (Dionisio et al., 2020; Gmurek et al., 2015; Steter et al., 2016). The
performance of the catalyst in the electrogeneration of HoO> was evaluated galvanostatically,
following the pollutant concentration, its mineralization and formed by-products and a degradation

was route suggested. The energy consumption per order was determined as well.
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2. Experimental section
2.1 Reagents

MetP with 99% purity was acquired from Supelco. The salts and precursor solutions
employed were palladium chloride (PdCly), sulfuric acid (H2SOs), potassium sulfate (K2SOs),
sodium sulfate (Na;SO4), ascorbic acid (AA) and dimethylformamide (CH3)NC(O)H), all
acquired from Vetec. Sodium sulfate (Na>SO4) and Iron (II) sulfate heptahydrate (FeSO4-7H>0O)
were of analytical grade and supplied by Sigma-Aldrich. All solutions were prepared with
ultrapure water obtained from a Milli-Q system with resistivity >18 MQ cm at 25°C. All other

chemicals used for analysis were of analytical grade or HPLC grade provided by Sigma-Aldrich.

2.2 Synthesis of Pd1%/PCL6

Firstly, the Printex carbon (PCL6, from Evonik®) was thermally treated at 120 °C for 24 h.
Pd;+/PCL6 electrodes were synthesized by the hydrothermal procedure proposed in (Fortunato et
al., 2018). Briefly, 160 mg of PCL6 were dispersed with 3 mg of PdCl,in 20 mL of ultrapure water
under ultra-sonication bath for 1 h. Afterwards, the mixture was heated up to its boiling point using
a hot plate with magnetic stirring. Subsequently, 78 mg of AA (previously solubilized in 2 mL of
water) were added. After 5 minutes, the heating was stopped and the mixture was kept stirring for
2 hours. The formed nanocomposite was washed 15 times by centrifugation to remove the
unreacted species present in the mixture, and finally dried in an oven at 60 °C overnight. In order
to have a gas diffusion electrode (GDE) to perform EAOPs, a carbon cloth (PW03 - 33” wide, 80
yards long - average 15.6 pounds per roll, acquired from Plain Weave Fabric) with geometric area

of 2.7 cm? was used as substrate to the deposition of the produced film of 200 pg cm2 by dropping
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206 mL of 2.5 mg mL! catalyst solution and addition of 100 pL of a Nafion 0.1% on isopropanol

solution. Afterwards, it was dried under N»>-gas flow for 2 h in an open system.

2.3 Physico-chemical characterization methods

To perform transmission electron microscopy (TEM) and scanning-TEM (STEM)
experiments, the catalyst dispersion was drop-casted onto a TEM grid constituted by a lacey carbon
film on a copper grid (300-mesh acquired from Electron Microscopy Sciences). TEM and STEM
analyses were conducted using a FEI TECNAI G? F20 HRTEM microscope at 200 kV. For the
determination of Pd loading, a TGA-50 thermogravimetric analyzer (Shimadzu) was used; samples
of 2-5 mg were placed under a synthetic air 5.0 FID gas flow (50 mL min™!) at temperatures
ranging between 25-900 °C, at a heating rate of 10 °C min ™', using alumina crucibles. The X-ray
photoelectron spectroscopy (XPS) analyses were performed using a Scienta Omicron ESCA+
spectrometer.

The Al Ka line (energy =1486.6 eV) was used as excitation source operating at 20 kV and
25 W. The binding energies were calibrated using the Cls signal (284.6 eV) as reference. The
Shirley method was used to subtract the inelastic noise from the narrow scan (High-resolution)
spectra. The composition (at. % and mass conc. %) of the surface (<5 nm) was estimated by using
the (relative) peak area proportions compensated by Scofield atomic sensitivity factors (accuracy
of £ 5%) (Scofield, 1976) from the narrow scan spectra. For the Pd 3d region spectrum,
deconvolution, a Voigt type function with Gaussian and Lorentzian (in a proportion of 70:30)
combinations was used. Structural characterization was carried out based on X-ray diffraction
(XRD) measurements. The XRD measurements were performed with the aid of a Bruker X-ray

diffractometer model D8 Advance, operating at 40 kV and 40 mA (1.6 kW), using Cu-Ka radiation
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(h =1.540501 A / 8,047keV). The scan rate applied was 0.02° s ! in 26, and silicon powder was

employed as reference.

2.4 Treatment of MetP by EAOPs

Assays were performed in a bench scale electrochemical cell with an external jacket for
thermostatic water recirculation at 25 °C (dos Santos et al., 2016). Pure O> was coupled to the
GDE to ensure the fed of oxygen gas at 500 mL min™ in order to electrogenerate H,O, from Eq.
(1). A boron-doped diamond (BDD) thin film with a geometric area of 3.0 cm? was used as anode.
The interelectrode gap was kept around 1.0 cm. Before each experiment, both anode and cathode
were activated by using a 50 mM NaSO4 at pH 2.5 and j = 100 mA ¢cm™ during 60 min (dos Santos
et al., 2019).
Electrolysis at constant current density (7) at 33.3 mA cm™ was performed at an Instrutherm DC
power supply FA-2030 coupled to Instrutemp ITMDB 100 ampere meter and Instrutemp MDB-
450 voltmeter. All experiments were carried out with 150 mL of 0.50 mM MetP solution with 50
mM NaxSOg4 as support electrolyte. Before electrolysis, the solution pH was adjusted to 2.5 using
a pH-meter ION pHBS500 with a diluted H2SO4 solution. Acidic conditions are considered the best
for Fenton’s reactions, since it avoids the precipitation of iron. All the processes were performed
under pH 2.5, in order to maintain the same operating conditions for comparison between the

different EAOPs.

Different concentrations Fe?" (0.1, 0.25 and 0.50 mM) were tested to perform EF and PEF
treatment. In PEF, the solution was illuminated with a SW UVC lamp (Pen-Ray model 11SC-2.12)

that provided 19 Wm™ of irradiance.
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2.5 Analytical techniques

The H20> concentration was determined by the Molybdate method where the absorbance
of the colored complex formed with H>O> and (NH4)¢6Mo07024 was measured at A = 350 nm using
a Shimadzu UV-1900 spectrophotometer (Lima et al., 2020). This value allowed the calculation

of the percentage of current efficiency (CE) following Faraday's law (Eq. (2)):

2F Ch,0,Vs

CEn,o0,(%) = x 100 )

Where 2 corresponds to the number of electrons needed to the reduction of O> to form
H,0», F to the Faraday constant (96,487 C mol™), Ch,0,to the H2Oz concentration in mol L1, Vi
to the volume of the solution in L, I to the applied current intensity in A, and t to the reaction time
in s.

The concentration of MetP was determined on a high-performance liquid chromatography
(HPLC) system equipped with a Phenomenex Luna C18 (250 x 4.6 mm, Sum) column and a
Supelcosil C18 (4 mm x 3.0 mm i.d.) pre-column at 35 °C and coupled to an SPD-20A UV detector
selected at A = 258 nm. The mobile phase consisted of an aqueous solution containing water-
acetonitrile mixture (60/40, v/v) at a flow rate of 1.0 mL min™'. The retention time for MetP was
6.3 min. The acid intermediates were analyzed by ion exchange chromatography. The ion
exchange column used was Metrosep Organic Acids (250 mm/7.8 mm) from Metrohm, whereas a
diluted H>SO4 solution (5 mmol L!) was employed as the solvent in 20 pL sample injection and
20 min of running. Analyzes were performed on an 850 Profissional IC ion chromatograph
(Metrohm) using a conductivity detector. Total organic carbon (TOC) was obtained using a
Shimadzu TOC-VCPN equipment and its removal is given by Eq. (3). All withdrawn samples

before HPLC and TOC analyzes were filtered with 0.45 um filters (chromafil Xtra PET-45/25).
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The experiments were carried out in duplicate and figures related to degradation and mineralization

show the error bar related to the 95% confidence interval.

T0C=TOCr 100 3)

TOC removal (%) = ToC
0

The percentage of mineralization current efficiency (MCE) was calculated from Eq. (4):

NFVA(TOC) exp
432x107 m1t

MCE (%) = X 100 (4)

Where 4.32x107 is the conversion factor (3,600 s h™! x 12,000 mg C mol '), m is the number
of carbon atoms of MetP molecule (m = 8). The number of electrons (n) for the mineralization
process was taken as 34 considering the theoretical mineralization for the MetP (Steter et al., 2016)
(Eq. (5)):

CsHsO3 + 13 HoO —» 8 CO, +34 H + 34 ¢~ (5)

In order to follow the evolution of by-products of MetP degradation by gas
chromatography—mass spectrometry (GC-MS), the samples were extracted in C2Cl; using a flow
of 1 mL of Na() to concentrate the organic compounds for analyses. This analysis was executed in
a gas chromatograph GC-2010 Plus coupled to a mass spectrometer QP2020 (Shimadzu), equipped
with an automatic sampler model AOC-6000. The column used was a non-polar capillary Rtx-
SMS (30 m x 0.25 mm x 0.25 um) (Shimadzu) and Helium (purity 99.999%) was the carrier gas
applied at a flow rate of 1.0 mL min!. The initial temperature of the oven was 36 °C for 1 min,
increased to 320 °C at 5 °C min!, hold for 10 min, totaling 67.80 min of analysis. There was a
solvent cut time of 3 min. The injection volume was 1 puL of the liquid sample. The injection
temperature was 250 °C and splitless injection was used. The mass spectrometer, equipped with

an electron impact source (EI), was operated in SCAN mode at 70 eV of electronic energy. The

ion source and interface temperatures were 230 and 280 °C, respectively.

10



229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

3. Results and discussion

3.1 Physico-chemical characterization

Compared to metal-based materials, commercial PCL6 typically demonstrates relatively
low activity toward ORR while the selectivity towards H>O> both in alkaline (Assumpgao et al.,
2011; Barros et al., 2015) and acidic (Cordeiro-Junior et al., 2020) medium is rather high.
Specifically at low pH values, the ORR takes place at high overpotentials emphasizing the need
for better catalysts (Cordeiro-Junior et al., 2020; Lu et al., 2019). Its surface composition contains
oxygen, sulfur, and nitrogen functional groups (Assumpgao et al., 2011) that can assist to control
the dispersion and the interaction with metallic species (metal-support interaction) (Antolini, 2012;
Barros et al., 2015; Fortunato et al., 2016, 2018; Luo and Alonso-Vante, 2015; Ma et al., 2013).
As aforementioned, Pd at low loadings (<2 wt%) and high ipd can achieve selectivities towards
H>0: close to 100% with low overpotentials (Fortunato et al., 2018). In this context, we combined
these two effects (low metal loading and abundant carbon material with relatively high metal-
support interaction) to produce an efficient catalyst toward H>O» production via ORR. The
challenge lies in distributing low amounts of Pd NPs homogeneously onto the carbon surface to
obtain an ipd over 100 nm. The strategy proposed by Fortunato and co-authors (Fortunato et al.,
2018) was used to tune the Pd loading so that high selectivities towards H>O> can be achieved.

In Fig.s 1 and 2, the physico-chemical characterizations of the different catalysts are shown.
For Pd;%/PCL6, a low Pd amount (~0.6 wt.%) resulted in highly dispersed Pd nanoparticles in the
size range of ~5,5 nm with octahedral and spherical shapes and edge-to-edge interparticle distances
around 170 nm, as shown in Fig. 1a-f (c.f. Table S1). The HR-TEM image (Fig. le) reveals lattice
fringes of 0.22 nm (on average) which is expected for (1 1 1) face-centered cubic (fcc) planes of

crystalline Pd (Fortunato et al., 2018; Saha et al., 2011; Venarusso et al., 2018; Vukmirovic et al.,

11
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2011). A metal loading of 0.9 wt.% was obtained by thermogravimetric analysis (c.f. Fig. 2a). The
diffractograms (Fig. 2b) evidence the presence of less than 1 wt.% of Pd on PCL6 showing the
patterns of fcc crystalline with peaks (1 1 1), (200),(220), (31 1), and less visible (2 2 2) for Pd
(Boone and Maia, 2017; Kabir et al., 2016; Saha et al., 2011; Venarusso et al., 2018, 2016). The
presence of a characteristic broad peak (0 0 2) at 20 = 25.9°, associated to the graphitic structure
of the carbon support (Boone and Maia, 2019, 2017; Kabir et al., 2016), is also observed. To
resolve the surface characteristics, XPS measurements were performed. The XPS survey spectra
(Fig. 2c¢) shows only peaks in the C 1s and O 1s regions due to the low Pd amount.

The narrow-scan spectrum in the Pd 3d region (Fig. 2d) exhibits the expected spin-orbit
splitting and binding energy of metallic Pd species (Pd’ 3ds at ~335,4 eV, Pd® 3ds» at ~341,0 eV,
c.f. Table S3), and as well as the spin-orbit splitting for oxidized Pd species (Pd*" 3ds; at ~337,6
eV, Pd*" 3ds» at ~343,0 eV, c.f. Table S3). The XPS analysis was not able to detect a signal in the
Cl 2p region (Fig. S2), although we do not rule out the presence of Cl adsorbed to the Pd surface
since halides can adsorb strongly to Pd surfaces enhancing H>O» production. (Damjanovic et al.,
1967; Markovi¢ et al., 1999; Schmidt et al., 2001; Suetal., 2018; Yan et al., 2011). High-resolution
XPS quantification reveals ca. 0.10 at% Pd (=0.87 wt.%, c.f. Tables S1 and S2), which corresponds

well to thermogravimetric analysis.

3.2 Electrochemical profile and ORR performance

Fig. 3 presents the CVs, RRDE, and RDE responses for PCL6 and Pdi«/PCL6. The CV
obtained in N»-saturated solution for the synthesized materials (Fig. 3a) reveals that in the absence
of Pd, the characteristic quinone/hydroquinone peaks (at ~0.2 V) from the carbon surface

(Fortunato et al., 2018; Jukk et al., 2013) are observed. Under O:-saturated conditions, an

12
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additional peak at ~ -0.2 Vagagci was observed corresponding to the reduction of molecular
oxygen. When ~1 wt.% Pd is present (c.f. Fig. 3b), in N»-saturated solution, the characteristic
polycrystalline Pd surface processes of hydrogen underpotential deposition (Hupp) (-0.4 and 0
Vag/agcl) are observed. Due the low metal loading (and presumable Cl-speciations on the surface),
Pd oxidation in the potential region of 0.5-1.0 Vagagci 1s suppressed. Careful inspection of the
corresponding oxide back reduction region (0.45-0.25 Vagagci) reveals the expected oxide
reduction peak at ~0.34 Vagagct. Under Oz-saturated condition, with ~1 wt.% of Pd onto PCL6,
the ORR peak appears at a potential ~500 mV more positive than the bare carbon matrix (c.f. Fig.
3a and 3b). For Pd%/PCL6, a lower potential limit of -0.4 Vagagci was selected due the hydrogen
production at lower potentials. Additionally, the electrochemically active surface area (ECSA)
determined from the electrical double-layer capacitance revealed comparable surface areas for
both catalysts. In the presence of Pd NPs, the ECSA decreases ~10% in comparison to pure PCL6
(78.4 vs. 86.5 m? g catatyst, respectively —c.f. Table S4), which could be related to not fully covered
glassy carbon areas.

Fig. 3¢ shows the linear sweep voltammetry in RRDE configuration. The samples were
tested towards the production of H20O2 by scanning the potential from 0.1 to 1.0 Vagagci under O
saturation in 0.1 mol L™! K2SO4 at pH 2.5. For pure PCL6, the onset potential for ORR occurs at ~
0 Vagagcl. The disk current density achieves the diffusion-limited values at ~ -0.7 Vagagct. The
ring current densities are comparably large in comparison to the disk current densities, evidencing
large H>O» production amounts. From RRDE results, the potential dependent selectivity towards
H>03 (ShH202) in the course of the ORR could be obtained, and the responses are shown in Fig. 3d.
The Snz02 for PCL6 reaches ~ 84% over the measured potential range from -0.9 V to -0.15 Vagagc,

in line with previously reported results (Cordeiro-Junior et al., 2020). As stated before, Pd-loadings
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>2 wt.% typically favor full reduction to H20. To test our hypothesis, PCL6 was modified with 20
wt.% Pd (Pd20%/PCL6) and tested towards the production of H,Ox.

As expected, 20 wt.% of Pd leads to a drop in selectivity to ~10% over the measured
potential range from -0.2 to 0.3 Vagagci (c.f. Fig. 3¢ and 3d). Additionally, one part of Pd20%/PCL6
was physically combined with 9 parts of PCL6. Here, the 2% Pd-loading leads to a drastic increase
in H2O; selectivity of over 80% (c.f. Fig. 3¢ and 3d).

Additionally, a set of LSV curves recorded at different rotation rates are presented in Fig.
3e and 3f. Below -0.6 Vagagci (Fig. 3e), the ORR is controlled by mass transport limitations for
PCL6. For Pd;%/PCL6, the mass transport region is not well defined due the hydrogen evolution
with occurs concomitantly below -0.2 Vagagci. From these curves, the electron transfer number
(nk-1) at different potentials was estimated (see details in Support Information). PCL6 and
Pd%/PCL6 have average nk.L values of 1.9 and 2.9, respectively, supporting the high selectivity
for 2-electron-transfer ORR on both catalysts. In order to evaluate the electrochemical stability
performance for the catalyst surfaces, changes in the activity and selectivity were monitored by
RRDE before and after 5,000 cycles between -0.2 and 0.5 Vag/agc at a scan rate of 0.5 V s and
the results are presented in Fig. S4. In general, no drastic changes in electrocatalytic behavior, in
terms of activity and selectivity, are observed for PCL6 and Pdi«/PCL6. The CVs prior to and
after stability tests (c.f. Fig. S4b) show small differences in the electrochemical behavior,
suggesting high stability of the carbon structures. Fig. S5c compares the electrocatalytic
performance of Pdi«/PCL6 with other noble metal-based state-of-the-art catalysts reported in
literature in terms of kinetic current densities to H>O as a function of applied potential. Pdio/PCL6
shows high stability while maintaining high activity and selectivity relatively close to the most

active Pd- and Pt-based catalysts. We point out that Pd;«/PCL6 is easily synthesized, demonstrate
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high reproducibility and can be produced on a large scale by using commercially available carbon
black materials as well as omitting any toxic metal which would be detrimental in wastewater

treatment devices.

3.3 MetP treatment by H202-based EAOPs
3.3.1 Electrochemically generation and accumulation of H>O>

After establishing a greater picture on the potential dependent selectivities via RRDE, in real
applications, higher current densities are sought after. By using a gas diffusion setup (GDE), the
oxygen reduction is not limited by the solubility of oxygen in the liquid electrolyte and oxygen
can be fed directly in gaseous form to the catalyst’s surface. The GDE setup allows the application
of practical relevant current densities. The GDE cathode was fabricated by deposition of
Pd;o/PCL6 onto a PWO03 substrate. For comparison, PCL6/PWO03 was studied. These experiments
were accomplished with 150 mL in sulphate medium at pH 2.5, j = 33.3 mA cm™and 25 °C. After
180 min of electrolysis, the maximum H>O» concentrations varied between 1.33, 5.27 and 8.89
mM for PW03, PCL6/PWO03 and Pdi«/PCL6/PWO03, respectively (Fig. 4a). For PCL6 on PWO03,
the generation of H>O> was increased by a factor of 3.9 compared to the bare PW03 substrate. For
Pdi/PCL6, the H,O> generation was increased by a factor of 6.7 which is in line with RRDE
results.

Fig. 4b shows a decrease in current efficiency (CE) over time. This effect is most
pronounced for Pd;o,/PCL6/PWO03 with 36.9 % and 23.9 % CE after 20 and 180 min, respectively.
For PCL6/PWO03, the CE drops to 21.6 % and 14.1 %, respectively. H>O is not inert in solution
and might be oxidized to hydroperoxyl radicals (HO2¢) (Eq. (6)) at the surface of the BDD anode,

decreasing the overall CE (dos Santos et al., 2018b). This behavior has already been observed with
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other materials such as Pt and dimensional stable anodes (DSA) (Alcaide et al., 2020; Fajardo et
al., 2019). Pd1%/PCL6/PWO03 possesses the lowest energy consumption (EC) per kgn2o2 with 59.4
kWh kg(H20,)! (Fig. 4c), followed by PCL6/PW03 with 110.3 kWh kg(H202)"!, and the bare
PWO03 substrate with 396.1 kWh kg(H20,).

BDD+ H,0; — BDD(HO,¢) + H + ¢~ (6)

3.3.2 MetP degradation and energy consumption per order

Based on the promising results obtained with Pdo/PCL6/PWO03, its performance towards
the degradation of organic pollutants was exemplarily tested on 0.50 mM MetP at pH 2.5, =33.3
mA cm™ and 25 °C by AO-H202, AO-H,0»/UVC, EF and PEP. After 180 min of treatment, AO-
H>0: leads to the lowest MetP degradation rate of 51.6 % as shown in Fig. 5a. Conversely, AO-
H>0,/UV attains almost total degradation (95.8 %) under similar operating conditions.

The kinetic rate constants (k1) fit well a pseudo-first-order kinetic model (c.f. Fig. 5b), with
values 0of 6.90x107 s (R?=0.991) and 2.28x10™* s”! (R?= 0.989) for AO-H>02 and AO-H,0,/UVC
respectively. In the AO-H>O» process, the greatest contribution to the MetP degradation is the
physiosorbed *OH formed at the BDD anode surface from water electrolysis (Eq. (7)) (dos Santos
et al., 2019; Garcia-Segura et al., 2018). The electrogeneration of H>O> does not show any
significant effect on the degradation of MetP, since H2O»> itself is considered a relatively weak
oxidant (E°(H202/H>O) = 1.76 Vsur) (dos Santos et al., 2018b), as well as HOze. For AO-
H>02/UVC, the kqpp increased by a factor of 3.3 that be related to additional generation of *OH
radicals formed from H>O» photodecomposition by UVC irradiation (Eq. (8)) (Moreira et al., 2017;
Xu et al., 2019). MetP alone is relatively stable against UVC light (Fig. 5a) and only 12.7 %
degrades after 180 min.

BDD+ H,0 — BDD(*OH) + H" + ¢~ (7)
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H>O; + hv — 2 «OH (8)

EF and PEF processes promote total degradation in less than 10 min (Fig. 5c). This rapid
degradation is due to BDD(*OH) and the additional generation of high amounts of homogeneous
«OH in the bulk by Fenton’s reaction (Eq. (9)), that react rapidly with MetP. The necessary Fe?
ion for Fenton’s reaction can be regenerated by Eq. (10) and low catalyst concentrations can be
used (Brillas, 2020; Garcia-Segura et al., 2014).

These processes should have an optimal ratio between H>O» concentration generated and
Fe?" added. Therefore, various Fe?* concentrations were tested (data not shown) in order to
determine the ideal amount of this catalyst. We found that concentrations over 0.25 mM Fe*",
excess of Fe?" may scavenge *OH present in solution (Eq. (11)) (dos Santos et al., 2018c; Pérez et
al., 2015). The obtained constant kinetics (k1) were 5.52x107 s (R>=0.997) and 7.85x10 5! (R?

=0.992) for EF and PEF (c.f. Fig. 5d), respectively.

Fe?" + H,O, + H" — Fe*™ + *OH + H,0 9)
Fe’* +e¢ — Fe?* (10)
Fe’" + *OH — Fe’" + OH™ (11)

H>0»-based EAOPs can be compared in terms of the amount and costs related to the
electrical energy per order required to reduce the concentration of the contaminant by one order of
magnitude in a unit volume as shown in Eq. (12) (Garcia-Segura et al., 2020; Montenegro-Ayo et

al., 2019):

_ 6.39x107*(Pcep+ Plamp)

Vel (12)

Ezo(kWhm™3order™1)

Where 6.39x10* is a conversion factor (1 h/3600 s/0.4343), P is the power of the

electrochemical cell and Pjamp is the power of the lamp both in W, Vs is the solution volume in L
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and ki is the pseudo-first order rate constant in s™'. The values of Ego were 0.488 and 1.27 kWh m
3 order ! for EF and PEF, respectively. The Ero for EF is by a factor of 2.6 lower compared to
PEF, despite the fact that PEF has a 30% higher k1 value compared to EF. From our results, the
EF process seems the most economical viable process to degrade MetP in a real application.
3.3.3 MetP mineralization and by-products identification

As shown in Fig. 5e, the TOC removal was performed to evaluate the mineralization of
0.50 mM MetP (48 mg L' TOC). AO-H,0> and AO-H>0,/UVC reached poor mineralization of
26.1% and 38.4%, respectively. The rate of TOC decrease is usually lower than the degradation
rate due to the formation of by-products. Therefore, a longer treatment time is necessary to achieve
high mineralization. In the EF process, during the first 90 min, the mineralization had a sharp
decrease attaining a value 0f 45.9 %, remaining practically constant afterwards. This behavior may
be because of the formation of Fe(Ill)-carboxylate complexes, formed during the degradation of
MetP. These complexes are stable and highly resistant to the attack of *OH radicals (Antonin et
al., 2015; Sopaj et al., 2016). For PEF, the process led to the best mineralization, with 90.1%. This
can be explained by the photodecarboxylation of Fe(IIl)-carboxylate species (Fe(OOCR)*") via
Eq. (13), along with the additional Fe?" regeneration and *OH production from the photolysis of
FeOH?* by Eq. (14) (Brillas, 2020; dos Santos et al., 2018b):
Fe(OOCR)*" + hv — Fe?" + HO,+ Re (13)
FeOH?" + hv — Fe*' + «OH (14)

Fig. Sfreveals that the higher MCE values are related to the processes with higher oxidation
capacity, following the order PEF > EF > AO-H,0,/UVC > AO-H>0,. During treatment, MCE

remained constant for the AO-H>0; and AO-H>O>/UVC processes as a consequence of their low

mineralization power. However, MCE decreased for the others processes, in e.g. PEF to 38.7 %
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and 21.5 % at 30 and 180 min, respectively. This is probably due to the decrease of organic matter
with formation of recalcitrant by-products, as reported by other authors (Alcaide et al., 2020;
Antonin et al., 2015; dos Santos et al., 2020).

Fig. 6 shows a proposed mineralization route for MetP. Aromatic intermediates and
carboxylic acids were identified by GC-MS and ion exclusion HPLC, respectively. Table S5
summarizes the characteristics of by-products such as retention time and main fragmentation
(m/z). The proposed mineralization route considered only the contribution of the heterogeneous
and homogeneous "OH formed on the surface of the BDD and Fenton’s reactions, respectively.
The degradation was initiated by the successive hydroxylation of 1 (MetP) that could yield the
intermediates 2 (2,6-dihydroxy-methyl ester) and 3 (2, 5 -hydroxy-methylparaben). The attacks on
the benzylic carbon atom of MetP bonded to the carbonyl group yielded 4 hydroquinone (Gmurek
et al., 2015). The oxidation of hydroquinone causes the cleavage of the aromatic ring producing
short-chain linear carboxylic acids. Intermediate S (oxalic acid) forms Fe(Ill)-oxalate complexes

that can suffer photodecomposition under UVC, being then converted into CO; (Xu et al., 2019).

4. Conclusions

In summary, this work demonstrates that 1% of Pd NPs onto PCL6 is an active catalyst
with an ~320 mV lower onset overpotential compared to bare PCL6. The selectivity towards H>O»
was close to 90% and its catalytic behavior was maintained after 5,000 degradation cycles between
-0.2 and 0.5 Vagagct. Pd1%/PCL6 was obtained in a single one-pot synthesis approach with high
reproducibility that can potentially be scaled up. Fundamental studies were performed in an RRDE
setup and extended to a more practical relevant GDE setup where oxygen gas can be directly fed

to the catalysts surface. Exemplarily, the performance towards the degradation of 0.50 mM MetP
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by AO-H>02 and AO-H>0,/UVC was tested revealing lower removal efficiencies compared to EF
and PEF. The *OH radical produced in the bulk from Fenton’s reaction demonstrated to be more
reactive. For the Fenton-based processes, it was verified that the concentration of Fe?* greatly
affects the performance of the processes. The technology that led to the highest mineralization was
PEF the 90.1 % operating with 21.5% of MCE. The mineralization route of MetP demonstrated
the formation of three aromatic compounds and one short-chain carboxylic acid as final by-

products.
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Figures captions.
Fig. 1. Representative (a and c) virtual high-angle angular dark field (images reconstructed from
electron diffraction patterns), (b and d) bright-field STEM, and (¢) HR-TEM images of Pdi

/PCLS6. (f) Size distribution histograms and interparticle distance (ipd) for Pd«/PCL6.

Fig. 2. Physico-chemical characterization of PCL6 and Pdi%/PCL6 catalysts. (a)
Thermogravimetric responses. (b) XRD patterns. (c) Survey XPS spectra for PCL6 and
Pdi%/PCL6. (d) Narrow scan XPS spectrum for Pd 3d regions of Pd;, /PCL6 catalysts.

Fig. 3. (a, b) Cyclic voltammograms obtained in N> and O»-sat 0.1 mol L' K»SO4 at pH 2.5 for
GC electrodes modified with PCL6 and Pdjs /PCL6 (scan rate: 50 mV s7'; scans started at 1.0
Vagagc). (¢) Linear sweep voltammetry in an RRDE configuration scanning the potential at 5 mV
s! and 900 rpm in Oz-sat 0.1 mol L™! K»SO4 at pH 2.5 (scans started at -0.9 or -0.2 Vagagci). (d)

SH,0, during the ORR at varying potentials (obtained from the corresponding RRDE data). (e, f)

Linear sweep RDE results scanning the potential at 5 mV s~ recorded in O»-sat 0.1 mol L' K»SOs4
at pH 2.5 solution at various rotation rates. Insets: corresponding K-L plots.

Fig. 4. Influence of different cathodes on (a) accumulated H>O> concentration vs time (b) current
efficiency and (c) energy consumed per kg H>O> using 150 mL of 50 mM Na,SO4 solution at pH
2.5 and 25 °C, using (@) PWO03, (M) PCL6/PWO03 and (V) Pdi%/PCL6/PWO03/gas diffusion.

Fig. 5. Effect of different H>O, based EAOPs (A)AO-H>0,, (V)AO-H,0,/UV, (M) EF and (@)
PEF on the treatment of 0.50 mM of MetP solutions at pH 2.5 and j = 33.3 mA cm™. (a) and (b)
MetP degradation over time; (c) and (d) Pseudo-first order kinetics; (¢) TOC removal over time;
(f) mineralization efficiency over time. () only UVC light.

Fig. 6. Reaction sequence for MetP mineralization by the PEF process using a Pdio/PCL6/PW03

gas diffusion cathode and a BDD anode.
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