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Highly efficient H,0; electrogeneration is required in the Advanced Oxidation Process for organic
wastewater treatment. However, the development of more efficient catalytic particles used in gas dif-
fusion electrodes (GDEs) to enable the oxygen reduction reaction through two-electron transfer is still
of great importance. The performance of the Ta;0s nanoparticles on carbon black in catalyzing the ORR
was evaluated using rotating ring-disk electrode. The current efficiency for H,O, electrogeneration on
Ta,05/C catalyst is 83.2% whereas carbon black exhibits 65.3%. GDEs were constructed using carbon
black either unmodified or modified with Ta;0s nanoparticles. The modified GDE produces 27.9 mgL~!
of H,0,, while the unmodified GDE generates 19.1 mg L~ of H,0,. Furthermore, the energy consumption
for the H,0, electrogeneration is lower in modified than in unmodified GDE (15.0 kW h vs. 18.8 kW h).
The high performance of the GDE (Ta;05/C) renders it a viable alternative cathode in the electrochemical
treatment of wastewaters.
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1. Introduction

Advanced oxidation processes (AOPs) constitute a promising
technology for the treatment of wastewaters. These processes
involve the generation of highly reactive species, particularly the
hydroxyl radical (*OH). The *OH exhibits strong oxidizing power in
aqueous phase due to its high standard reduction potential (+2.73V
vs SHE) [1]. Therefore, this radical is able to oxidize a wide variety
of organic compounds to yield CO,, H,O0 and inorganic ions from
heteroatoms [3,4]. Hydrogen peroxide, a chemical source of *OH,
can be produced electrochemically using gas diffusion electrodes
(GDEs) [4-6] in which this oxidant is generated at the electrode-
gas-solution interface via the oxygen reduction reaction (ORR).

Under acid conditions, the oxygen can be reduced following
two different paths: the first one involving four-electron trans-
fer, H,O production, and the second one through a two-electron
transfer, H,0, electrogeneration [7]. According to Griffith, Pauling
and Bridge models [8], the possible reaction routes and the num-
ber of electrons transferred during the oxygen reduction process
are related to the different types of O, adsorption on the catalytic
surface. It is well known that amorphous carbon displays catalytic
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activity to H, O, production [5]. However, the treatment of the car-
bon or addition of organic and inorganic materials on this substrate
can enable the ORR following a two-electron pathway with high
selectivity and at low overpotential [9-11].

Tantalum oxide-based catalysts exhibit high oxygen reduction
onset potential (~0.95V vs. SHE) and excellent stability under cor-
rosive environments [12,13]. Furthermore, this oxide has acid sites
[14], which promotes more hydrophilicity on the composite sur-
face inducing more active sites for the catalytic redox reaction [15].
Therefore, in this study we investigate on the properties of Ta,O5/C
for the electrocatalysis of oxygen reduction by rotating ring-disk
electrode. The yield of H,0, production and the energy consumed
during the process were determined using a GDE either unmodified
or modified with Ta,Os.

2. Experimental
2.1. Preparation of electrocatalysts

Ta,05 nanoparticles supported on carbon black (Printex 6L
carbon, Evonik) were prepared by thermal decomposition of a poly-
meric precursor solution (DPP) [16] using tantalum(V) ethoxide
[(CH3CH,0)5Ta, Sigma-Aldrich] as the salt precursor. In a typical
experiment, (CH3CH,0)5Ta, citric acid and ethylene glycol were
mixed in molar ratio 1:10:40, respectively, and stirred with a mag-
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netic stirrer for 40 min at 60 °C. Carbon black was then added slowly
to the mixture under stirring. The dispersion was heated in air at a
rate of 2.5°C min~! and finally held at 500 °C for 30 min. The catalyst
was prepared with 5.0% (w/w) Ta/C.

The upper temperature limit for the synthesis of nanoparticles
on the carbon surface was determined by thermogravimetric anal-
ysis (TGA) of sample of carbon black using a DuPont Instruments
model TGA 2950 analyzer.

In addition, carbon black was treated following the same pro-
cedure described above but without adding metallic precursor in
the first step. This procedure was performed in order to verify the
influence of the polymeric precursor method in the carbon catalytic
activity for the ORR.

2.2. Chemical physical characterization of electrocatalysts

The morphological and chemical characterization were per-
formed by transmission electron microscopy (TEM) and X-ray
photoelectron spectroscopy (XPS). The TEM images were recorded
using a 200kV high resolution FEI Tecnai G2 F20 instrument. X-
ray photoelectron spectra were measured at a pressure of less than
10-7 Pa using a UNI-SPECS UHV system equipped with an MgKa
X-ray source (hv=1253.6eV) with the analyzer pass energy set at
10eV. The inelastic background of the C (1s) and O (1s) electrons
of the core-level spectra was subtracted using Shirley’s method.
The spectra were fitted without placing constraints using multiple
Voigt profiles.

2.3. Electrochemical characterization of electrocatalysts

Electrochemical characterization were performed using a
Metrohm-Autolab PGSTAT 128N potentiostat/galvanostat and a
Pine Instruments rotating ring-disk electrode (RRDE) system. The
working electrode was prepared by dispersing 1 mg of catalyst in
1 mL of water by sonication for 30 min and loading a 20 p.L sample
of the resulting suspension onto a 5.6 mm diameter glassy carbon
electrode. The layer of catalyst was dried slowly in air, following
which a 20 uL aliquot of an aqueous solution of Nafion® (0.05%)
was transferred carefully to the microlayer surface. Experiments
were carried out in a conventional electrochemical cell using Pt foil
as counter electrode, an Ag/AgCl electrode as reference electrode
and an electrolyte solution comprising 0.1 mol L-! K;SO,4 at pH=2,
adjusted by H,SO4.

Cyclic voltammetry (CV) curves were recorded in N,-saturated
electrolyte solution at a sweep rate of 10mV s~!. The linear sweep
voltammetry (LSV) curves were conducted in N, and O,-saturated
solution. The disk electrode was scanned at a rate of 5mV s~! while
the ring potential was kept constant at +1.0 V. All the LSVs curves
presented in this work were corrected by subtracting of the back-
ground current recorded in N,-satured solution.

2.4. Generation of H,0, in a gas diffusion electrode

Based on the results obtained from the RRDE experiments, GDE
with 3.4cm? exposed area were constructed with carbon black
either unmodified or modified with Ta205 nanoparticles (5.0%
(w/w) Ta/C) and 20% (w/w) of a 60% aqueous dispersion of DuPont
Teflon® PTFE TE 3859 as described previously [6,7].

Electrochemical experiments were performed in a three-
electrode single compartment cell with the working electrode
(GDE) located at the bottom of the cell and supplied with O, at a
pressure of 0.2 bar. In order to quantify the H,O, produced dur-
ing electrolysis, 0.5 mL samples of electrolyte were collected at
appropriate time intervals, mixed with 4 mL aliquots of a solution
of (NH4)gMo07054 (2.4 x 103 molL-1) in 0.5molL-! H,SO4 and
absorption measured at 350 nm. The amounts of H,0, present in

the samples were evaluated by reference to a standard calibration
curve [9,17].

3. Results and discussion
3.1. Characterization of electrocatalysts

The TGA analysis of carbon black (Fig. S1) represents the weight
loss of a sample as a function of temperature. The small (2%) reduc-
tion in weight observed on heating from 25°C to ~500°C can be
associated with the loss of water adsorbed on the carbon. However,
heating to temperatures above 600°C give rise to a pronounced
loss in weight of carbon black and it is fully degraded to CO, at
700°C. These results provided an upper temperature limit (taken
as 500°C) for the thermal treatment employed in the synthesis of
nanoparticles on the surface of carbon black.

TEM images of Ta; 05 on carbon black are shown in Fig. 1. These
images show the good distribution of Ta;O5 nanoparticles over the
carbon (Fig. 1A and B) with a particle size around 2.07 +0.27 nm
(Fig. 1C). The selective area diffraction pattern (SAED, Fig. 1D), with
well-defined lattice planes, confirms the nanocrystalline structure
of the Ta,05 nanoparticles. The interplanar distance of 3.36 A and
3.63 A correspond to the (015)and (01 3) planes (JCPDS#27-1447),
respectively. Furthermore, elemental mapping of Ta, C and O using
energy dispersive X-ray analysis was undertaken (Fig. 1TE-H and
Fig. S2). The area of bright contrast correlates with the Ta signal
map.

Fig. 2A and B shows the respective fitted high resolution XPS C
(1s) spectra for carbon black before and after thermal treatment
by polymeric precursor method. The four components present in
the deconvoluted spectra are associated with the aromatic phase
(C—C sp?) centered at 284.3 eV, C—H carbon at 285.4 eV and the oxi-
dized carbon groups in the form of carbonyl (C=0) at 287.3 eV and
carboxyl (O—C=0) at 289.3 eV [18]. The main component of the
spectrum obtained prior to thermal treatment relates to the aro-
matic phase along with a small contribution from the oxygenated
groups and a w plasmon peak at the high energy tail (~291eV).
However, the strong oxidation processes associated with calcina-
tion at 500 °C give rise to a marked reduction in the aromatic phase
and an increase in the proportion of oxygenated groups. In fact, the
oxygen concentration in the form of carbonyl and carboxyl increase
from 9.2+0.4at% to 16.9 £0.8 at.%. It is important to note that,
according to the results obtained by TGA, the carbon black remains
thermally stable at 500 °C and does not undergo combustion to CO5.

The main components of the deconvoluted XPS O (1s) spec-
trum of treated carbon black (Fig. 2C) can be attributed to C=0 at
532.5eV and O—C=0 at 533.9eV [18], confirming the presence of
groups previously identified in the C (1s) spectrum. An additional
small component at low binding energy (530.6eV) is present in
the deconvoluted XPS O (1s) spectrum of Ta,O5/C electrocatalyst
(Fig. 2D), and it is related to O-Ta bonds [ 18] of Ta, 05 nanoparticles
embedded in the carbon matrix.

Fig. 3 shows the Ta (4f) spectrum for the Ta; O5/C electrocatalyst.
The spectrum is fitted with very good precision by only one spin-
orbit doublet at a fixed separation of 1.8 eV. The binding energy of
the Ta 4f7/2 centered at 27.1eV corresponds to the Ta;O5 phase
[18]. This result, combined with the SAED pattern, provides a clear
evidence for the presence of Ta;O5 on the carbon surface.

3.2. Study of the reduction reaction of molecular oxygen

Fig. 4 shows the cyclic voltammograms obtained for uncoated
disk electrode (glassy carbon), treated and non-treated carbon
black and Ta;Os5/C electrodes in Ny-saturated solution. The voltam-
mogram of the carbon black shows no peak of redox transition
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Fig. 1. TEM image of Ta;Os supported on carbon black: (A) dark field and (B) bright field; (C) estimated particle size; (D) SAED pattern of the Ta,0s/C; (E) scanning TEM and

elemental mapping images of (F) Ta, (G) C and (H) O.

(Fig. 4, plot b). However, a blurred peak at ca. +0.1V is observed
in the CV after thermal treatment of the carbon (Fig. 4, plot ¢ and
inserted). This redox transition can be attributed to the increase
of oxygenated groups on the treated carbon surface in agreement
with XPS analysis [6,19-21].

The voltammogram for the Ta;05/C electrode (Fig. 4, plots d)
shows a blurred peak from +0.4 V to 0.0 V. This redox transition can
be assigned to the reduction of Ta;O5 to metallic Ta (Eq. (1)) in
agreement with potential-pH equilibrium diagram for tantalum-
water, at 25°C, described by Pourbaix [22] and the presence of
oxygenated groups on the catalytic surface [19].

Tay0s + 10H* + 10e~ = 2Ta + 5H,0 1)

The variation in current values at potentials lower than —0.4 V is
related to the start of the hydrogen evolution reaction arising from
the reduction of H* ions present in solution.

In order to verify the ORR pathway of the carbon black,
treated carbon and Ta;05/C catalysts, the formation of H,0; (ring
current—I;;,) was monitored using a RRDE system. As shown in
Fig. 5, the treated carbon black displays higher ring current than
the non-treated carbon demonstrating that the increase in the
oxygen-containing functional groups on the carbon surface (XPS
data) makes the catalyst more selective for H, O, electrogeneration.

Linear voltammetric profiles of the Ta,05/C catalyst show oxi-
dation currents of hydrogen peroxide (Iing) higher than those of
carbon black, suggesting higher H, O, electrogeneration in the pres-
ence of Ta,Os. Furthermore, this catalyst exhibit overpotential
97 mV lower than that of carbon black for the reduction O, to H, 05,
thus enabling the two-electron ORR pathway at lower overpoten-
tial. The shift in the ORR onset potential in the presence of Ta;0s5
can be explain by the high ORR onset potential of this oxide [12,13].

The current efficiency for hydrogen peroxide formation
(I(H203)%) and the number of electrons transferred (n;) during the
oxygen reduction were determined quantitatively using the fol-
lowing equations [23]:

200-I;/N
I(HyO)% = ——— 2
(H202) A (2)
4 x Iy
ng=—— 3
" la+1/N (3)

where [, is the ring current, I is the disk current and N is the current
collection efficiency of the Pt ring (N =0.37). The values of [(H,05)%
and n; obtained for the electrocatalysts employed in this study are
shown in Table 1.

According to Table 1, the H,0, production on carbon black is
65.3% whereas on treated carbon black is 74.5%. Moreover, the
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Fig. 2. Deconvoluted XPS C (1s) spectra of (A) carbon black and (B) treated carbon black. Deconvoluted XPS O (1s) spectra of (C) treated carbon black and (D) Ta,05/C

electrocatalyst (5.0% w/w Ta/C).
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Fig. 3. Deconvoluted Ta (4f) spectrum of Ta,05/C electrocatalyst (5.0% w/w Ta/C).

Table 1

Current efficiency for hydrogen peroxide formation and number of electrons trans-
ferred during the ORR. The values presented were calculated over the potential range
from —0.3V to —0.5V (region of mixed control of the LSVs).

Carbon black  Treated carbon black  Ta;05/C(5.0% (w/w) Ta/C)

I(H202)% 65.3 74.5 83.2
nt 2.7 25 23

presence of Ta, 05 increase the selectivity for H,O, electrogenera-
tion to 83.2%. Therefore, the high selectivity to H,O, production on
Ta,05/C catalyst is atttributed to the synergistic effect between the
Ta, 05 nanoparticles and the oxygen functional groups on the sur-
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Fig. 4. Cyclic voltammetric profiles of (a) uncoated disk electrode (glassy carbon),
(b) carbon black (c) treated carbon black and (d) Ta;0s/C electrodes recorded in
N;-saturated solution 0.1 mol L-! K,SO4 at pH =2, adjusted by H,SO4, at a scan rate
of 1I0mVs-1.

face of the material. In this context, the presence of Ta; O5 promotes
RRO via electrochemical/chemical mechanism. In the electrochem-
ical stage, Ta;05 is reduced in the cathode sweep [22]. Then, the
oxygen molecule absorbs on the catalyst surface as described in the
Pauling model [8] in which oxygen is reduced causing the oxidation
of tantalum (chemical step). Additionally, the presence of oxygen
functional groups on the material surface act as electroactive sites
promoting the transfer of electrons for the ORR [19].
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Fig. 5. Steady state polarization curves for the ORR determined using RRDE system
of uncoated disk electrode, carbon black, treated carbon black and Ta;0s/C (5.0%
(w/w) Ta/C) catalysts. The electrolyte was 0.1 molL-! K;SO4 at pH=2, adjusted by
H,S04, the scan rate was 5mV s, the RRDE rotation (») was 900 rpm and the ring
potential (E;) was +1.0V. The O, reduction waves were subtracted for the back-
ground current recorded in Ny-satured electrolyte.

3.3. Study of H,0, generation in the gas diffusion electrode

The results obtained using RRDE system revealed that the addi-
tion of Ta; 05 on carbon black increase the selectivity for the H,0,
electrogeneration (Fig. 5). In order to study the formation of H,0,
by this electrocatalyst in more detail, it was quantify the generation
of hydrogen peroxide in solution using a gas diffusion electrode. The
ORR on GDE occurs at the solid-liquid-gas interface, and allows the
generation of H,0, in situ. In contrast to planar electrodes, GDEs
do not suffer limitations imposed by the concentration of O, gas
in the bulk of the solution or by the diffusion of molecules to the
electrode surface.

The H,0, detection in GDE was performed by sampling the
electrolyte and the H,0, electrogeneration at constant potential
was quantified spectrophotometrically. Fig. 6 shows the electro-
generation of H,0, as a function of time of electrolysis using GDEs
constructed with carbon black either unmodified or modified with
Ta, 05 nanoparticles and operated with applied potentials in the
range —0.5V to —1.4V vs Ag/AgClL.

For the GDE constructed with carbon black (Fig. 6A), raising the
applied potential from —0.5V to —1.1V vs Ag/AgCl promotes incre-
mental increases in the concentration of H,0, formed. However,
although the highest amount of H,0, (19.1mgL-1) is recorded
after 120 min of electrolysis at a potential of —1.1V, this value
must be considered equivalent to that of 19.0 mg L~! obtained after
120 min electrolysis at —1.0V given that the GDE shows a variation
of 6.3 +0.8% according to Reis et al. [24]. At more negative poten-
tials, the electrogeneration of H,O, decreases such that at —1.4V
vs Ag/AgCl only 11.6 mgL~! of hydrogen peroxide is formed after
120 min of electrolysis.

A similar behavior is observed for the GDE constructed with
Ta,05/C (Fig. 6B), in which case increasing the applied potential
from —0.5V vs Ag/AgCl lead to increases H,O, production up to a
maximum value of 27.9 mgL~! attained after 120 min of electroly-
sis at —1.0 V. At more negative potentials, the electrogeneration of
H,0, decreases with only 9.4mgL-! of hydrogen peroxide being
formed after 120 min of electrolysis at —1.4V.

Plots showing the final concentration of H,O, achieved at the
end of the experiment as a function of the potential applied to the
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Fig. 6. H,0; electrogeneration in 400 mL of 0.1 molL-! K,SO4 at pH=2, adjusted
by H,S04, and different applied potentials using GDE (3.4 cm? exposed area) con-
structed with (A) unmodified carbon black and (B) carbon black modified with Ta; 05
nanoparticles (Ta;05/C).
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Fig. 7. Final concentrations of H,0;, obtained in 400 mL of 0.1 molL-! K,SO,4 at
pH =2, adjusted by H,S0y4, following 120 min of electrolysis using GDE constructed
with carbon black and GDE constructed with carbon black modified with Ta;0s5
nanoparticles.

unmodified and modified GDE (Fig. 7) confirm that the electrogen-
eration of hydrogen peroxide is more efficient with the Ta;05/C
electrode over the potential range from —0.5 to —1.4V vs Ag/AgCl.
Moreover, the modified GDE generates a maximum concentration
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of H;0, (27.9mgL-1) at —1.0V, a value that is 46.1% higher than
the maximum level (19.1 mgL~1) produced by the unmodified GDE
at —1.1V.

As may be observed in Fig. 6, the change in H, 0, concentration is
practically linear during the first minutes of electrolysis indicating
that the ORR follows zero-order kinetics. However, modifications
in H,0, concentration are related to the cumulative effects of all
reactions that occur in parallel with the ORR on the cathode and
anode. Thus, the electrosynthesis of H,0, at a GDE is considered to
follow global pseudo-zero-order kinetics [9,24,25] and the global
rate constant k (mgL-! min—1) can be calculated from the angular
coefficients of plots of H,0, concentration (mgL~1) vs time (min)
considering only the first 30 min of each experiment. The global
rate constant for the formation of H,0, (Fig. S5) increases as the
applied potential increases from —0.5V vs Ag/AgCl, and attains a
maximum of 6.9mgL-! min—! at —1.1V with the unmodified GDE
and a maximum of 7.6 mgL~! min~! at —1.0V with the modified
GDE. At potentials more negative than —1.1V, values of k decrease
with increasing applied potential for both electrodes. According to
Valim et al. [6], decreases in k at applied potentials higher than
—1.1V are associated with increases activity of the ORR by the four-
electron transfer mechanism and the consequent decreases in H,0,
formation via the two-electron pathway, as verified by the results
shown in Fig. 7.

The energy consumption EC (kW hkg~1) for the H,0; electro-
generation [24] plotted as a function of the potential applied to
the unmodified and modified GDEs is showed in Supporting infor-
mation (Fig. S6). Both electrodes exhibit similar behavior up to
a potential of —1.1V vs Ag/AgCl, but show greater variation at
more negative potentials. EC, which is directly proportional to cell
current and potential, increase incrementally up to —1.1V as the
concentration of H,0, generated gradually increase. However, at
potentials higher than —1.1V, the H,0, formation decreases for
both electrodes such that the EC values per unit weight of perox-
ide formed increase markedly, a behavior that has been described
previously in the literature [24,25]. In the present study, produc-
tion of 1kg of H,O, at the maximum concentration attainable
(19.1mgL-! at —1.1V) with an unmodified GDE would require
18.8 kWh. However, with the modified GDE, generation of 1kg of
H, 0, at maximum concentration attainable (27.9mgL-1 at —1.0V)
would require only 15 kW h.

The high catalytic activity observed with the Ta,;05/C electrode
can be attributed to the transfer of electrons from Ta;0s5 to O,
related to a redox transition in the oxygen reduction region, and
to the presence of oxygenated groups on the modified carbon sur-
face (Fig. 2). In this electrocatalyst, the oxygen molecule probably
couple to the electrode surface according to the process described
by Pauling [8] in which the weak adsorption of O, to the metal
[26,27] hinders breaking of the O—O bond resulting in the H,0,
formation as the final product.

4. Conclusions

Ta; 05 nanoparticles on carbon black were prepared by ther-
mal decomposition of a polymeric precursor solution. In addition,
carbon black was treated in order to verify the influence of the
polymeric precursor method in the carbon catalytic activity for the
ORR. The current efficiency for H, O, electrogeneration on Ta;05/C
catalyst is 83.2%. The carbon black exhibits an I(H,0,)% of 65.3%
whereas the treated carbon displays 74.5% yield of H,0, electro-
generation. The high selectivity to H,0, production on Ta,;05/C
catalyst is attributed to the synergistic effect between the Ta;0s5
nanoparticles and the oxygen functional groups on the surface
of the material. Based on the results obtained in the RRDE sys-
tem, the H,0, electrogeneration was monitored in detail using a

GDE (3.4 cm? exposed area) constructed with carbon black either
unmodified or modified with Ta; 05 nanoparticles. The results con-
firm the generation behavior observed with RRDE in that the
modified GDE produces 27.9mgL~! of H,0,, while the unmodi-
fied GDE generates 19.1mgL~! of H,0,. Therefore, the addition
of Ta;O0s5 on carbon give rise to an increase in H,O, formation
of almost 46.1%. Furthermore, the EC for the H,0, electrogenera-
tion is lower in modified than in unmodified GDE (15 kW h kg~ vs.
18.8kW hkg~1). Thus, the high performance of the GDE (Ta,05/C)
renders it a viable alternative cathode in the electrochemical treat-
ment of contaminated wastewaters.
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