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Abstract: This work proposes the use of a novel green and fast (< 1h) route for the

construction of electrocatalysts by microwave-assisted hydrothermal synthesis using
carbon-supported metal oxide for H2O. electrogeneration. Using ZrO, supported on
carbon black Printex L6 (PL6C) as a non-toxic model catalyst, the present study evaluated
different synthesis conditions and their effects on ORR activity and selectivity via the
application of the rotating ring-disk electrode (RRDE) and gas diffusion electrode (GDE)
techniques. RRDE results showed that the optimized ZrO»/PL6C catalyst presented
improvements in catalytic performance of 140 mV in the Ey2 for ORR and in selectivity
for H20> production of 88.8% compared to the unmodified PL6C (78%). The improved
electrocatalytic performance was attributed to the high dispersion of small ZrO,
nanoparticles (~7 nm) in direct contact with the carbon support which helped increase the
ECSA values. GDE results showed that ZrO»/PL6C was responsible for doubling the Kapp
values of H2O2 production and for the reduction of energy consumption by about 150 kWh
g! compared to the unmodified matrix. Key insights related to the construction of carbon-
based metal oxide catalysts and the optimization of ORR are discussed further in the work

aiming at providing useful contributions for future investigations and applications.

Keywords: Oxygen reduction reaction, hydrogen peroxide, gas diffusion electrode,

zirconium oxide nanoparticle, carbon black. microwave-assisted hydrothermal synthesis.



1. Introduction

Hydrogen peroxide (H20>) is a versatile oxidizer which is widely employed for
industrial, commercial, and domestic purposes [1,2]. Considered a green oxidizer, H20>
has also been intensively applied in the environmental area [3-5]. Commercial H20: is
mostly produced by the conventional method based on the oxidation of anthraquinone;
this mechanism has been subject to criticism due to the environmental, logistic, and safety
problems involved in this conventional process of H.O> production [6-8]. For small scale
and on-site applications, such as in the case of water treatment which typically requires
low concentrations (<0.1 wt %), the use of decentralized or in situ methods of H>O>
production has been found to help effectively overcome the risks involving the transport,
storage, and dilution of H»O> presented by the conventional method [3]. The
electrosynthesis of H20. via oxygen reduction reaction (ORR) has drawn considerable
attention as a decentralized and environmentally friendly mechanism for H.O> production
[4]. However, due to the slow kinetics of ORR and the possibility of leading to the
production of H>O instead of H20., the successful implementation of H.O:
electrosynthesis still depends on the development of economically viable materials that
are able to catalyze ORR in an efficiently selective manner [4,9-11].

Platinum (Pt) and Palladium (Pd) are regarded the most active materials for ORR;
however, due to their strong interaction with oxygen and oxygenated intermediates, these
materials tend to break the O=0 bonding mechanism, and this gives rise to the production
of H20 as the main product of reaction in a 4-electron pathway (O2 + 4H" + 4e” — 2H,0)
[12,13]. In contrast, Au, Ag, Hg or C-based materials are found to be less active and tend
to reduce Oz to H2O; via a 2-electron reaction pathway (O + 2H" + 2e” — H20) as a
result of their weaker interaction with oxygen [6,13-15]. Different synthesis strategies

have been investigated with a view to blending the high activity of Pt and Pd with the high



selectivity demonstrated by Au, Ag, Hg, and C [16-20]. However, the scarcity and high
costs of these materials make real large-scale applications of noble metal-based catalysts
unfeasible. As an alternative, several studies published in the literature have investigated
the functionalization or modification of carbonaceous materials with a view toward
improving their catalytic performance [8,21,22]. The fact that carbon materials, such as
carbon black, are cheap to obtain, they are economically viable to be employed as catalysts
when it comes to large-scale applications; furthermore, these materials have been shown
to exhibit high selectivity toward H>O> production [8-10,18,23-27]. On the other hand,
unmodified carbon-based materials have been found to present low ORR activity in acidic
medium; as such, they have been found to consume high amount of energy in the H20>
production process [9,10,18,23-26,28,29].

Several noble metal-free modifiers for carbon matrices have been intensively
investigated aiming at enhancing their ORR activity and selectivity, as well as their
electrochemical stability in acidic medium [29-35]. Carbon modification through the
application of low loadings of metal oxides, such as ZrO; (1 - 5 wt. %) on graphene [36]
or carbon black [37], Nb2Os (15 wt. %) on carbon black L6 [32], V20s (7 wt. %) on Vulcan
XC, and CeO (2-25 wt. %) on different carbonaceous matrices [38-41], has been found
to promote synergistic effects which help improve ORR activity and selectivity of the
carbon-modified materials used in H202 production. In the absence of a general consensus
on the issue, studies published in the literature regarding the use of carbon-modified
materials have attributed the improvement in ORR activity and selectivity to several
factors including increased active area, wettability of the electronic surface, and the
oxophilic character of the chemical species.

Although the thermal method is the most common route for the production of metal

oxides [37,41,42], the typical application of high temperature (over than 500 °C) required



in this method limits its use for the synthesis of carbon-supported metal oxides due to the
carbon oxidation process involved. As an alternative, hydrothermal routes have gained
considerable popularity among researchers in the field; this technique is conducted with
low toxicity solvent and requires relatively lower temperature conditions (<200 °C). The
water at high pressure and temperature presents low viscosity, and this contributes to an
increase in the solubility of ionic species, leading to the rapid formation of oxide nuclei
[32,36,43,44]. Advances in the hydrothermal technique have given rise to the microwave-
assisted approach where microwave is used as a source of energy. The microwave-assisted
hydrothermal synthesis method (MAH) can be considered an energy-saving and
environmentally green method due to three factors: 1) fast production of oxides (10-60
minutes); 2) homogeneous heating without loss by dissipation; and 3) the use of water as
solvent [45-48].

In this work, we propose the use of a novel, green and fast (< 1h) microwave-
assisted hydrothermal synthesis route for the production of functionalized carbon-
supported metal oxide catalysts employed in the electrosynthesis of H20.. Based on the
use of zirconium oxide supported on carbon black Printex L6 as a non-toxic (in
comparison with other transition metals) [49] model catalyst for ORR, the study sought
to optimize the synthesis conditions by varying the synthesis parameters (including metal
precursor concentration, synthesis time, temperature, and pressure) and investigating the
effects of these parameters on the ORR activity and selectivity via the use of the rotating
ring-disk electrode technique. The use of the optimized catalysts resulted in greater H20-
electrogeneration, which was validated by the gas-diffusion electrode technique. Key
insights related to the construction of the carbon-supported metal oxide catalysts are

presented as well as novel contributions for future investigations and applications.



2. Experimental

2.1 Chemicals

All reagents used for conducting the experiments were of analytical grade and
were used as received. The reagents employed included the following: metallic precursor
salt (Zr0O2)2.C0O2.H>0O (Alfa Aesar), Printex L6 pigment carbon (PL6C, Evonik do Brasil
Ltda), sulfuric acid (Vetec, 97.8%), isopropyl alcohol (Vetec, 99.5%), potassium sulfate
(Sigma-Aldrich, 99%), potassium hydroxide (J. T. Baker, 99%) and 60% w/w
poly(tetrafluoroethylene) (PTFE) dispersion (Uniflon). All solutions were prepared using
ultrapure water from a Milli-Q system with resistivity >18 MQ cm and temperature of 25

°C.

2.2  Microwave-assisted hydrothermal synthesis (MAH)

The MAH method proposed by Moreira et al. [46] was adapted in order to
incorporate ZrO> on carbon black electrode support (PL6C). Initially, an amount of 0.180
g of the metal precursor (ZrO2).C0O2.H20 was dissolved in a minimum amount of HNO3
(10 mL) under sonic stirring. Afterwards, 1.0 g of Printex L6 carbon and 11.0 g of KOH,
which yielded an oxidizing medium of 2 mol L in a total volume solution of 100 mL,
were added to the solution; the solution was then kept under mechanical stirring for 20
minutes. The mixture was subsequently placed in a 140 mL Teflon reactor, making sure
that 80 % of its volumetric capacity was used before it was placed in the microwave for
the hydrothermal reaction to occur.

The MAH procedure was optimized by varying the synthesis parameters: the
percentages of the metal precursor Zr employed were 5, 10 and 15 wt.% in relation to the
quantity of PL6C; the periods of synthesis applied were 10, 20, 40, 60, and 120 minutes;
and the temperature levels of 120, 140 and 160 °C, with 2, 4 and 7 atm of pressure,

respectively, were used. The microwave oven used for the synthesis of ZrO, was adapted
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from the Panasonic® commercial device, model NN-ST354WRU, of 25 L and operated
at maximum power of 800 W. The microwave reactor was made of Teflon and was
hermetically sealed; this meant that temperatures above the boiling point of solvents could
be applied on the equipment, modifying the pressure of the system. The synthesized
material was washed by centrifugation with ultrapure water at least 5 times and then left
to dry overnight at 80 °C.

2.3 Electrochemical studies of ORR

Electrochemical assays were performed in a rotating ring-disk electrode (RRDE)
via the application of the porous microlayer technique on the disk electrode. The RRDE
tip was composed of a glassy carbon (GC) disk and Pt ring (efficiency collection (N) =
0.37), acquired from Pine Instrumentation. A microlayer of the catalyst with loading of
200 pg cm was formed on the GC disk (geometric area = 0.2475 cm?) by drop-casting
25 pL of a solution previously prepared from 2 mg of the catalyst powder, 0.5 mL of
water, and 0.5 mL of isopropanol.

The electrochemical measurements were performed using a bi-potentiostat
PGSTAT 128N from Metrohm AUTOLAB coupled to a rotation module - PINE model
AFMSRCE. The cyclic voltammetry (CV) analyses were performed in the potential range
of -0.8 to 1.0 Vagagcr and scan rate of 50 mVs™. The ORR was studied by linear sweep
voltammetry (LSV) in the range of 0.4 to -0.8 Vagagci, at scan rate of 5 mVs™ and rotating
speed of 900 rpm. The CVs and LSVs were performed in both N»- and O-saturated 0.1
mol L K2SO4 (pH 2.5) used as electrolyte.

The electrochemically active surface area (ECSA) values were determined by the
double-layer capacitance (Ca) method based on the work of Jaramillo [50]. To estimate
these values, CVs were obtained at several scan rates (5, 20, 50, 100, and 200 mV s™)

starting from the more positive to negative direction in No-saturated 0.1 mol L™ K,SO4 at



pH 2.5in 0.1V potential range centered at the open-circuit potential (OCP). The working
electrode was kept for 10 seconds at each vertex potential at the beginning of each scan.

The capacitance values were calculated as follows:
Al Ig—Ic¢
Ca=((3)= (59 @

where I and I are the anodic and cathodic currents at the OCP, and v is the potential scan
rate. ECSA values were obtained by dividing the Cq values by the specific capacitance
(Cs) of the solution (17 pF cm) [50].

2.4 Materials characterization

The loading of ZrO; was determined by thermogravimetry analysis using a TGA-
50 thermogravimetric analyzer (Shimadzu). The samples (~5 mg) were burned under a
synthetic air 5.0 FID gas flow (50 mL min™') at temperatures ranging between 25 and 900
°C, at a heating rate of 10 °C min"!. The X-ray fluorescence (XRF) technique was used for
the conduct of qualitative analyses aimed at determining the loading of ZrO,. The XRF
analysis was performed using an X-ray fluorescence spectrometer - PANalytical - Model:
MiniPal4.

The morphological characterization of the catalysts was performed by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). The SEM
analysis was conducted using the Jeol JSM 7500F model microscope. The TEM analysis
was conducted using FEI TECNAI G? F20 HRTEM microscope, operating at 200 kV. The
TEM samples were prepared by dripping the catalyst solution onto a 300-mesh copper
TEM grid (Electron Microscopy Sciences).

The structural analysis of the catalysts was conducted by X-ray diffraction (XRD)
using a Bruker X-ray diffractometer model D8 Advance, which was operated under the
following conditions: 40 kV and 40 mA (1.6 kW), Cu-Ka radiation (A = 1.540501 A/8,047

keV), scanning rate of 0.02° st in 20, with Si powder used as reference.



The surface chemistry of the catalysts was analyzed by X-ray photoelectron
spectroscopy (XPS) using Scienta Omicron ESCA+ spectrometer Al Ko line (energy =
1486.6 eV) as excitation source at 20 kV with 25 W. The binding energies of the survey
spectra were calibrated based on the C 1s signal at 284.6 eV. The inelastic background of
the high-resolution spectra was subtracted by the Shirley method. The Voigt-type
function, with Gaussian and Lorentzian combinations (in the proportion of 70:30), was
used for the deconvolution of Zr 3d, C 1s and O 1s regions.

2.5 Accumulation of H202 in the bench-scale electrochemical cell

The analysis of the electrogeneration and accumulation of H20- was performed
using the gas-diffusion electrode (GDE) technique. The assays were carried out in a
bench-scale electrochemical cell with 3 electrodes, which consisted of a GDE used as the
working cathode electrode, a platinized titanium plate used as counter electrode, and
Ag/AgCI (3 mol L, Analyser Co) used as reference electrode. The GDE cathode was
produced based on the adaptation of the work of Valim et al. [31] (see details in
Supplementary Information). The electrolysis assays used for the production of H>O> were
performed potentiostatically with the aid of the PGSTAT 128 equipment - from Metrohm
AUTOLAB, coupled to a booster current module (BSTR-10A). A cell volume of 250 mL
and 0.1 mol Lt K,SO4 (used as electrolyte) at pH= 2.5 (adjusted with sulfuric acid) were
used in all the experiments.

The quantification of H2O> was performed by the photometric method through
the complexation of 0.5 mL H20; with 4.0 mL (NH4)sM07024 solution using UV-1900
spectrophotometer (acquired from Shimadzu). Under this method, hydrogen peroxide
reacts with molybdate, generating a yellowish stable complex (peroxymolybdate) which
is quantified by UV-Vis spectrophotometry at wavelength = 350 nm [51,52]. The Ch202

values were used for calculating the energy consumption (EC) based on Eq. 2 below:



EC (kWhkgt) = 2220 Feenlt -

Vs CH202

where Ecen is the potential of the electrochemical cell (in V), | is the current for each
potential applied (in A), t is the time of electrolysis (in h), and Vs is the volume of the

solution (in L).

3. Results and discussion

3.1 Effect of initial Zr precursor concentration

Figure la presents a schematic illustration of the stages involving the MAH
synthesis method. Further features of MAH synthesis and advances over conventional
hydrothermal methodology are detailed in the supplementary material. Thus, initially, the
zirconium precursor concentration was varied between 5 to 15 wt.%, while the
temperature, pH, and MAH reaction time were fixed at 140 °C, 12, and 40 minutes,
respectively. The effects of these changes in parameter conditions on the structure,

morphology, and metal oxide loading are shown in Figure 1b-g.
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Figure 1. (a) An illustrative scheme of the microwave-assisted hydrothermal synthesis.
SEM images of (b) 5, (c) 10 and (d) 15wt.% of ZrO,/PL6C; (e) thermogravimetric analysis
of the ZrO»/PL6C catalyst produced from the application of different initial Zr precursor
concentrations; (f) XRD pattern for ZrO,/PL6C catalyst produced from the initial Zr

precursor concentration of 15 wt.%.

The SEM images (Figs. 1lb-d) show the successful incorporation and the
morphologies of ZrO, nanoparticles supported on PL6C. Small ZrO nanoparticles (NPs)
can be found widely dispersed on the carbon support; this implies the occurrence of a high
interaction between the metal oxide and the carbon support. The TEM images (Fig. S1)
clearly show that the ZrO, NPs, characterized by an almost spherical shape, are in direct
contact with the PL6C. These images also suggest the formation of agglomerates in some
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regions. The SEM images obtained in back-scattered electron (BSE) imaging mode (Figs.
S2) point to an increase in the loading of ZrO. with higher initial concentrations of the
zirconium precursor. The MAH process conducted using concentrations above Zr-5 wt.%
Zr led to the formation of large porous agglomerates (c.f. Fig. S1), which reached up to
~1 um (at 15 wt.% of Zr).

The EDX spectra (Fig. S3) for 15 wt.% Zr/PL6C and control PL6C matrix (with 0
wt.% of Zr) show the presence of Zr (as the main metal in the composition), in addition
to carbon and oxygen which belong to the carbonaceous material. SEM images in BSE
mode (Fig. S3) for control PL6C matrix (with 0 wt.% of Zr) and PL6C with 15% wt. of
Zr evinced the incorporation of ZrO» oxides by the MAH method. The negligible presence
of potassium can be attributed to the KOH residues from the synthesis procedure. The
results obtained from the thermogravimetric analyses (Fig. 1e) showed that, for the
synthesis conducted using 5, 10, and 15 wt.% of Zr, only 1.6, 5.1, and 12.3 wt.% of Zr
loading, respectively, were effectively incorporated into the catalysts. The use of higher
initial concentrations of Zr (10 and 15 wt.%) contributed toward greater efficiency in the
incorporation of the metal oxide nanoparticles; this can be attributed to the agglomeration
of particles (c.f. Figs. 1, S1 and S2), which is fueled by the absence of surfactant or other
structuring agent during the synthesis process. The adsorbed oxygenated anions (i.e.
hydroxyl and carbonate) and the small Zr particles formed previously act as a favorable
anchor point for the Zr ions available in the solution to be crystallized rather than to
produce new clusters on the PL6C [53].

The results obtained from the crystallographic analysis by X-ray diffraction for the
15 wt.% Zr/PL6C sample (Fig. 1f) showed the presence of four major broadened
diffraction peaks at 26 = 30.1°, 34.9°, 50.3°, and 59.9° which corresponded to the

following crystalline planes: (11 1), (200), (2 20) and (3 1 1), respectively. This XRD
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pattern can be associated to an overlapping of the peaks related to cubic, orthorhombic,
and tetragonal crystalline features; the pattern indicated that the ZrO, nanoparticles were
formed by a mix of these three crystal phases [37,54,55]. Also, the peak at 25.9° was found
to be related to the plane (0 0 2) which corresponded to graphitic structures that are
typically present in carbon materials [32,37,56]. The result obtained from the XRD
analysis was found to be in line with other previously reported results obtained for ZrO-

structures [37].
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Figure 2. (a) Cyclic voltammograms obtained from the application of N>-saturated 0.1
mol L K3S0a, with pH=2.5 (H,SO. adjusted), at scan rate of 50 mV s and potential
window ranging from 1 to -0.8 Vagagcl. (b) Linear sweep voltammetry in RRDE curves
for the disk electrode obtained in O2-saturated 0.1 mol L K2SOs, with pH=2.5 (H2SO4
adjusted), at scan rate of 5 mV! and potential window ranging from 0.4 to -0.8 V at 900
rpm. (c) The values of the currents obtained for the Pt ring electrode during the potential
scan on the disk electrode. The ring potential was kept at 1.0 Vagagcl. (d) Correlation
between improvement in catalytic performance (in terms of Ei.), selectivity for H2O»
(SH202), and wt.% of ZrO; on PL6C.
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Figure 2 shows the electrochemical characterization and the assessment of ORR
activity and selectivity toward the production of H2O> for the materials synthesized under
the MAH method. The voltammetric profiles (Fig. 2a) showed the predominance of the
capacitive characteristic typical for carbonaceous materials with high surface area for all
the curves. One can notice the presence of a redox couple peaks centered at ~0.3 Vagiagc
which corresponded to the quinone groups of the PL6C matrix [30,57,58]. As expected,
no peaks related to the ZrO> species were detected in the CV profiles. Nonetheless, an
increase in current was observed in the presence of ZrO»; this was attributed to the highly
porous structure of ZrO,, as observed in the TEM images (Fig. S1), which led to an
increase in the surface area of the catalyst. In fact, the result obtained from the
determination of the electrochemically active surface area (ECSA) by the capacitance
method (c.f. Fig. S4 and Table S1) showed a significant increase in the ECSA value from
85.6 m? g, for the unmodified PL6C, to 128.2 m? g%, for the modified 5.1 wt.% ZrO,-
PL6C.

The LSV curves presented in Figure 2b show the ORR electrocatalytic
performance of the catalysts synthesized in this work. One can observe that all the samples
modified with ZrO, exhibited a relatively higher ORR activity compared to the
unmodified PL6C. This higher ORR activity was evidenced by the shift of the curves to
more positive potentials, which was reflected in the average catalytic improvement of 115
mV in the half-wave potential (E1) following the modification of the carbon matrix with
ZrO,. To find out whether H,O> was eventually formed during the ORR, the Pt ring
electrode was kept fixed at 1.0 V; this is regarded a favorable potential for the oxidization
of H20,. The LSV curves obtained for th Pt ring electrode are shown in Figure 2c. The

LSV curves related to the ring confirm that, despite slight variations in the currents, all
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the materials exhibited high selectivity for H.O. generation. Based on the data related to
the disk, the ring currents and Eq. 3 below - proposed by Paulus et al. [59], we were able
to estimate the selectivity of the material with respect to H>O2 generation (Sn202) during

the ORR.

2iy/N
ig+i,y/N

Shr02 = 100% (3)
where iq is the current of the disk, iris the ring current, and N is the collection number for
the ring electrode (N=0.37, as provided by the manufacturer of the RRDE system).

Figure 3d shows the relation between the loading of ZrO; on the carbon support
and its effect on the ORR activity, in terms of half-wave potential (E12), and on selectivity
toward H2O> production (SH202). The results obtained showed that the incorporation of
ZrO on the PL6C led to an increase in ORR activity and the initial selectivity of PL6C
was found to be over 85%. The material derived from the application of 10 wt.% of Zr on
PL6C, which effectively led to the incorporation of 5.1 wt.% of ZrO, on the carbon matrix,
exhibited the best catalytic performance with 88% of Sk202 and an improvement in
catalytic performance of ~140 mV (in the Ei2). The improvement observed in the
electrocatalytic performance can be attributed to the following factors: 1) the presence of
highly dispersed small particles on PL6C; and 2) the increase in ECSA, which helped
improve the access to the catalyst surface [60] (one cannot rule out the influence of the
oxophilic character of ZrO, [61] - its ability to dislocate the electrons from PL6C, which
may influence ORR activity on the carbon surface).

However, one needs to point out that an increase in the ZrO; loading led to a slight
decrease in both E1/2 and Shoo2; this is likely due to the increase in the surface resistivity
and the formation of large agglomerates [60]. Studies published in the literature suggest
that given that the metal oxide has typically low conductivity, the small particles, which

are in direct contact with the highly conductive carbon support, are the only particles that
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can effectively participate in the ORR [60]. Thus, striking a balance between the
dispersion of the particles, the ECSA, and the oxide loading is key to improving the ORR
catalytic activity of carbon materials via modification with metal oxide.

3.2 Effect of microwave-assisted hydrothermal synthesis time

After determining the optimal concentration of the metal precursor (at 10 wt.% of
Zr) of the assessed percentages, the microwave-assisted hydrothermal synthesis time was
the second relevant synthesis parameter that needed to be evaluated. Microwave-assisted
hydrothermal synthesis was performed in 10, 20, 40, 60 and 120 min aiming at producing
ZrO» crystallites on the carbonaceous matrix; the changes in the material structure were

monitored by SEM, TEM, and XRF analyses, as shown in Figure 3.
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Figure 3. SEM images in SE mode for the ZrO2/PL6C catalyst produced under different
MAMH synthesis in (a) 10, (b) 40 and (c) 120 minutes. (d) Dark-field STEM image and
particle size distribution (inset) for the ZrO,/PL6C sample produced in 40 min. (e) ZrO;
wt.% on carbon vs. MAH time plot. Data obtained by XRF quantification.
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SEM images presented in Figures 3a-c show that the duration time of the MAH
synthesis plays an influential role on the nucleation-growth process. Although all the
samples presented very similar structures, the SEM images on BSE mode (see Fig. S5)
showed an increase in the number and size of ZrO; particles crystallized on PL6C as the
synthesis time was increased. For illustrative purposes, the dark-field STEM image (Fig.
3d) obtained for the catalyst treated for 40 min under the MAH synthesis method shows a
wide distribution of small ZrO> nanoparticles with average size of 7.5+1.7 nm (c.f. inset
in Fig. 3d) on the carbon matrix and a formation of few agglomerates of particles. As
expected, the XRF quantification (Fig. 3e) analysis indicates that the duration time of the
MAMH synthesis process directly influences the loading of the metal oxide crystallized on
the carbon matrix. The analysis of the slope of ZrO. wt.% vs. synthesis time plot shows
that the oxide crystallization process has a relatively slow kinetics (deposition rate ~ 0.04
wt.%zrozc mint); in addition to that, the synthesis time needs to be greater than 3 h for all
the Zr** available in the reaction media (10 wt. %) to be theoretically crystallized.

Figure 4a shows the voltammetric profiles for the catalysts produced under
different synthesis times. One will notice that, for all the synthesis times investigated, the
presence of ZrO> led to an increase in the capacitive currents of the modified PL6C in
comparison to the unmodified PL6C. However, the application of periods of time longer
than 40 min led to a slight decrease in the capacitive currents, which can be attributed to
the formation of large oxide particles and a consequent decrease in the surface area. These
voltammetric responses are in good agreement with the SEM and TEM images shown in
Figs. 3a-d and S5.

Figure 4b shows the results obtained from the analysis of ORR activity. The
LSV curves related to the disk electrode (Figs. 4b) show the enhancement of the ORR

activity as the synthesis time is increased up to 40 min. In longer synthesis times above
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40 min, the improvement in ORR activity is found to stabilize while a slight decrease in
ring currents is observed (Fig. 4c). The correlation between the improvement in catalytic
performance (in terms of E1/2), selectivity toward H202 (Sh202), and MAH synthesis time
(Figure 4d) shows that the ZrO2/PL6C catalyst produced in the synthesis time of 40 min
exhibits the highest ORR activity with E1 improvement of ~135 mV and the highest
selectivity for H2O. generation (88%). These results help confirm the hypothesis that an
increase in ZrO> loading on the carbon matrix leads to an increase in surface resistivity
due to the formation of large agglomerates of oxide particles that are in poor contact with
the conductive carbon support and which effectively do not take part in the reaction.

To investigate whether the synthesis procedure caused changes in the catalytic
properties for ORR of bare PL6C, the control carbon matrix (with 0 wt.% of Zr) was
subjected to the same synthesis conditions in the absence of the metal precursor.
Interestingly, even after the control material has been exposed to high pressure in a highly
alkaline condition, the RRDE results (c.f. Fig. S6) showed no substantial changes in the

electrocatalytic behavior for ORR.
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Figure 4. (a) Cyclic voltammograms obtained in N2-saturated 0.1 mol L™* K2SO4, pH=2.5
(H2SOs adjusted), at scan rate of 50 mV s* and potential window ranging from 1 to -0.8
Vagiagel- (b) Linear sweep voltammetry in RRDE curves for the disk electrode obtained
in Oz-saturated 0.1 mol L™ K,SOa4, pH=2.5 (H2SO4 adjusted), at scan rate of 5 mV* and
potential window ranging from 0.4 to -0.8 V at 900 rpm; (c) The values of the currents
obtained for the Pt ring electrode during the potential scan on the disk electrode. The ring
potential was kept at 1.0 Vagagcl. (d) Correlation between improvement in the catalytic
performance (in terms of E1/2), selectivity toward H2O2 (Sh202), and synthesis time.

3.3 Effect of temperature and pressure
After determining the optimal parameter conditions for the initial metallic
precursor concentration (fixed at 10 wt.%) and synthesis time (fixed at 40 min), another
key parameter was also subjected to analysis - the temperature of synthesis. It is worth
noting that variation in synthesis temperature and pressure may lead to conformational
changes in the oxide structure, and this may affect the catalytic performance. Thus, the
following temperature levels were applied to the Teflon reactor in the microwave oven:

120, 140, and 160 °C; these temperature levels corresponded to the following pressure
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levels: 2, 4 and 7 bar. The morphological and structural changes in the ZrO,/PL6C catalyst

were monitored by SEM, TEM and XRD techniques, as shown in Fig. 5.
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Figure 5. SEM images in (a-c) BSE and SE (inset) mode, (d-f) TEM images, and (g-h)
XRD pattern for the ZrO2/PL6C catalyst produced at different MAH temperatures.

The SEM images (Figs. 5a-c) obtained show that the synthesis temperature plays
an influential role on the deposition of the ZrO2 nanoparticles; this implies that an increase
in temperature leads to an increase in both the particle distribution on the PL6C and the
size of the particles. The EDX spectra presented in Figure S7 shows that an increase in

temperature resulted in higher amounts of crystallized ZrO,. A further analysis of the
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surface morphology by TEM (Figs. 5d-f) showed the presence of large agglomerates of
ZrO2 when the synthesis procedure was conducted above the temperature of 140 °C. The
structural analysis of the catalysts by XRD (Figure 5-g) showed the presence of a similar
XRD pattern, with a mixture of cubic, orthorhombic, and tetragonal crystalline features
for all the ZrO,/PL6C catalysts. However, a careful look at the diffractograms (c.f. Figure
5h) showed a decrease in intensity of the secondary peaks at 20 = 32.4°, 49.2°, 55.2°,
74.5°, and 81.9°, which corresponded to the orthorhombic crystal system, as the synthesis
temperature was increased; this shows that the crystallization occurs preferentially in
cubic and tetrahedral forms [37,54]. In line with other reports published in the literature
[46,53], these findings suggest that the temperature and pressure of the MAH synthesis
affect the nucleation-growth process of the metal oxide on the carbon matrix, and this

leads to preferential crystallization in certain crystalline systems.
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Figure 6. (a) Cyclic voltammograms obtained using Nz-saturated 0.1 mol L™ K2SOa,
pH=2.5 (H,SO; adjusted), at scan rate of 50 mV s and potential window ranging from 1
t0 -0.8 Vagiagcl. (b) Linear sweep voltammetry in RRDE curves for the disk electrode
obtained in Op-saturated 0.1 mol L K3SO4, pH=2.5 (H2SO4 adjusted) at scan rate of 5
mV! and potential window ranging from 0.4 to -0.8 V at 900 rpm; (c) The values of the
currents obtained for the Pt ring electrode during the potential scan on the disk electrode.
The ring potential was kept at 1.0 Vagagcl. (d) Correlation between the improvement in
catalytic performance (in terms of Euip), selectivity toward H2O2 (Sw202), and the

temperature applied in the MAH synthesis process.

Figure 6a presents the voltammetric profiles related to the catalysts treated at
different MAH temperature levels (and pressure). The ZrO,/PL6C catalyst produced at
120 °C exhibited a voltammetric behavior similar to the unmodified PL6C, while the
catalysts produced at 140 and 160 °C presented greater capacitive currents in comparison
with the unmodified PCLS6; this shows that the use of MAH temperatures above 120° C
leads to higher loadings of ZrO; on the carbon matrix. These voltammetric responses are
in agreement with the results obtained by SEM, TEM and EDX analyses (c.f. Figures 5
and S7).

The electrocatalytic performance in ORR related to the ZrO./PL6C catalyst
produced at different MAH temperatures are shown in Figures 6b-d. The LSV curves
related to the disk electrode (Figure 6b) showed that the ZrO,/PL6C catalysts produced
above the temperature level of 120 °C exhibited higher ORR activity. However, the ring
curves (Figure 6¢) showed that the ZrO,/PL6C produced at 160 °C exhibited the lowest
current for H2O2 generation (~75 HA vs 160 YA for the catalyst produced at 120 °C, and
150 A for the catalyst produced at 140 °C). The correlation between the improvement in
catalytic performance, the selectivity toward H202, and the MAH synthesis temperature
(Figure 6d) showed that the ZrO,/PL6C catalyst produced at 140 °C exhibited the highest

ORR activity (E12 gain of ~140 mV) with selectivity for H.O2 production of about 90%.
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These findings clearly show that striking a balance between high dispersion of the
nanoparticles, surface area, and the loading of the crystallized metal oxide is primarily
important if one seeks to improve the ORR catalytic activity of carbon materials via the
modification of the materials with ZrO..

3.4 Further investigation of the optimized catalyst

To further investigate the physicochemical properties of the optimized ZrO,/PL6C
catalyst produced by the MAH synthesis technique (under the following optimal
conditions: 10 wt.% of initial Zr concentration, 40 min of synthesis time, and temperature
of 140 °C - which presented the best electrocatalytic performance for H.O2 generation),
the following analyses were conducted: TEM, selected area electron diffraction (SAED),
X-ray photoelectron spectroscopy (XPS), and long-term stability test. The high-resolution
TEM image obtained for the optimized ZrO./PL6C catalyst (Figure 7a) showed that the
small ZrO nanoparticles were in direct contact with the PL6C carbon support. The ZrO>
nanoparticles exhibited lattice fringes measuring 0.29 nm on average; this is typically
expected for (1 1 1) diffraction plane in the predominant face-centered cubic structures
[52]. Furthermore, the selected area electron diffraction pattern shown in Figure 7b
exhibited a polymorphic and low crystallinity profile for the catalyst material due to the
high amount of amorphous carbon Printex L6 in the material composition. The electron
diffraction pattern presented the diffraction planes (11 1), (22 0), (200) and (3 1 1); this

can be attributed to the predominance of the cubic phase of ZrO; [36,37].
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Figure 7. (a,b) HR-TEM images, (c) selected area electron diffraction pattern, and (d)
XPS survey spectrum for the optimized ZrO2/PL6C catalyst. Inset: Narrow XPS spectrum
for the Zr 3d region.

XPS analysis was performed aiming at investigating the surface chemistry of the
optimized catalyst. The XPS survey spectrum (c. f. Fig. 7d) shows the peaks related to the
C1s, Ols, O KLL, and Zr 3d regions, discarding the presence of any contaminant. The
XPS narrow spectra for the Zr 3d region (Figure 7d) shows the oxidized form of Zr with
the expected spin-orbit splitting ( 3ds/2 and 3ds2) and binding energy typically attributed
to oxidized Zr species [37,62]. The aforementioned mentioned doublet with binding
energies at 184.2 and 181.9 eV show that zirconium is predominantly in its oxidized form
- Zr**, which can be attributed to ZrO,. It is expected that the oxophilic character of ZrO;
acts as a driving force for the displacement of electron charges from the PL6C; this may

lead to changes in the Oz adsorption on the carbon surface [32,37,40]. The results obtained
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from the XPS analysis demonstrate the efficiency of the microwave assisted hydrothermal
synthesis in terms of producing the oxide of interest.

The presence of Zr in its oxidized form (Zr**) in the catalyst composition indicates
that no further oxidation of the metal is possible, and this greatly enhances the
electrochemical stability of the catalyst. In order to evaluate the electrochemical long-term
stability of the optimized ZrO./PL6C catalyst, changes in both ORR activity and H20>
selectivity were monitored before and after the application of 5,000 voltammetric cycles
in the potential range of -0.5 to 0.5 Vagagci, at scan rate of 1 V s™. As can be seen in
Figure 8, the LSV curves before and after the long-term stability test for the ZrO2/PL6C
catalyst show that the ORR activity and selectivity toward H.O> production are found to
be stable even after the application of 5,000 voltammetric cycles; this evidently points to
the high electrochemical stability of the catalyst in acidic condition. Table S2 summarizes
the main results obtained for the optimized catalyst ZrO,/PL6C; which are compared with
results previously reported for other catalysts based on metal oxides supported on carbon.
It is worth to note that the optimized catalyst as well as the synthesis method proposed
here presented advantages with respect to the other catalysts (and their synthesis methods),
such as being greenest (uses water as solvent under a lower temperature), produced
rapidly, and it demonstrated the highest activity-selectivity combination for the H20>

electrogeneration.

3.5 H20> electrogeneration using the gas diffusion electrode approach

After the optimization of the synthesis parameters of the catalyst and a rigorous
analysis using the RRDE mechanism, a study was conducted aiming at investigating the
catalytic activity of the optimized ZrO,/PL6C catalyst in terms of H>O> generation using

the gas diffusion electrode (GDE) approach. Based on the GDE technique, one is able to
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evaluate, in a more realistic condition, the catalytic performance of different materials and
the impacts of the use of these materials on energy consumption (EC). The gas diffusion
electrode technique is regarded more appropriate for real application due to its ability to
overcome the limitations imposed by mass transport [8,63,64]. The ability of the GDE to
supply oxygen molecules directly to the electrode-solution interface rules out the need for
employing O-saturated solution, thus increasing the efficiency of H>O generation while
minimizing the need for electrodes with large surface area [8,63-65]. The GDE cathodes
were produced from the following materials: PL6C, ZrO,/PL6C, and PTFE (provides
physical stability to the electrode) (Fig. S9 presents information related to the construction
of the GDE). Figure S10 show the profiles related to H.O; electrogeneration evaluated
potentiostatically at -0.8, -1.2, -1.6, and -2.0 V. The electrolytic curves for both the PL6C
and the ZrO,/PL6C electrodes exhibited a sharp increase in H2O2 concentration in the first
30 min of electrolysis up to the point where an almost constant concentration plateau
occurs - this is typically attributed to the presence of electrochemical parasitic reactions
[51,66], which mainly consist of further reduction of H,O2 on GDE (H20; + 2H* + 2" —
2H,0) and counter electrode oxidation [6,67]. Over all, both of the GDEs (PL6C and
ZrO,/PL6C) presented significant production of H2O> in the electrolysis at more negative
potentials; however, the ZrO,/PL6C presented greater catalytic activity under all the
potentials investigated. For comparison purposes, in the electrolysis performed at -2.0
V ag/agel for 90 min, the ZrO»/PL6C produced 570 mg L™ of H20, whereas the unmodified
PL6C produced only 250 mg L.

To further investigate the kinetics and the energy consumption levels related to the
electrogeneration of H20- for the PL6C and ZrO,/PL6C electrodes, the kinetic parameters
[51,66] and the energy consumption (EC) were estimated and compared (see Table S2).

In the electrogeneration of H20; at -2.0 Vag/agci, the carbon-based ZrO; catalyst showed
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kinetics values ~2 times higher than the bare PL6C catalyst, further providing a decrease
of 150 kWh g* of energy consumption. A detailed discussion on the H20;
electrogeneration using the GDE approach can be found in the Supplementary

Information.

4. Conclusion

The present work reported the successful synthesis of electrocatalysts derived from
carbon-supported metal oxide for H20. electrogeneration through the application of a
novel, green and fast mechanism based on the microwave-assisted hydrothermal synthesis
approach. The loading, dispersion, size, and preferential crystallography of the carbon-
modified ZrO, nanoparticles was optimized by adjusting the synthesis parameters, such
as metal precursor concentration, synthesis time, temperature, and pressure. The results
obtained from the RRDE analysis showed that the optimized catalyst produced from ZrO»-
5.1 wt.% on the PL6C electrode support presented a catalytic improvement of 140 mV (in
terms of E1/2) with respect to ORR and selectivity for H>O> production of 88.8% compared
to the unmodified PL6C matrix, which exhibited 78% of H.O> production.

The catalytic improvement in ORR can be attributed to the following factors: 1)
the presence of highly dispersed small particles (~7 nm) on the PL6C electrode support;
and 2) the increase in ECSA, which improved the access to the surface of the catalyst. The
presence of ZrO; in the modified ZrO./PL6C electrode causes a displacement of the
electrons from PL6C, and this may lead to changes in the adsorption of Oz on the carbon
surface. Through the application of the GDE assays, the results obtained related to H.O>
production helped confirm the superior catalytic performance of the modified ZrO./PL6C

over the unmodified PL6C. These findings can provide useful insights regarding the
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construction of carbon-supported transition metal oxides for future investigations and

applications of sustainable catalyst materials for ORR and H20- electrogeneration.
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Highlights

e Carbon-based metal oxide catalyst was produced by sustainable MAH approach.
e Zr02-5.1 wt.% on PL6C presented a gain of 140 mV in E1» and Sn202 of 88.8 %.

e Particles dispersion, ECSA, and oxide loading are key elements to consider in
ORR.

e ZrO2/PL6C presented Kapp Values for H2O2 production ~2x higher than bare PL6C.
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