Journal of Electroanalytical Chemistry 895 (2021) 115441

Contents lists available at ScienceDirect

Journal of Electroanalytical Chemistry

journal homepage: www.elsevier.com/locate/jelechem =

Study of Cr,03 nanoparticles supported on carbonaceous materials as n
catalysts for O, reduction reaction

updates

Paloma Almodévar ?, Florencio Santos ”, Joaquin Gonzélez “*, Julio Ramirez-Castellanos ¢,
José Maria Gonzélez-Calbet ¢, Carlos Diaz-Guerra®, Antonio J. Fernandez Romero >*

2 Departamento de Fisica de Materiales, Facultad de Ciencias Fisicas, Universidad Complutense de Madrid, Ciudad Universitaria s/n, 28040 Madrid, Spain

> Grupo de Materiales Avanzados para la Produccién y Almacenamiento de Energia, Universidad Politécnica de Cartagena, Aulario II, Campus de Alfonso XIII, 30203 Cartagena, Spain
¢ Departamento de Quimica Fisica, Facultad de Quimica, Regional Campus of International Excellence “Campus Mare Nostrum”, Universidad de Murcia, 30100 Murcia, Spain
dDepartamerzto de Quimica Inorgdnica, Facultad de Ciencias Quimicas, Universidad Complutense de Madrid, Ciudad Universitaria s/n, 28040 Madrid, Spain

ARTICLE INFO ABSTRACT

A series of chromium oxides (Cr,O3) nanoparticles supported on different carbonaceous material, namely: gra-
phene, graphene oxide (GO) and graphite, were synthetized by precipitation of the salt precursors with precip-
itant (ammonia) and the subsequent thermal treatment. The catalytic activity of these composites and the
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GO b Cr,03 nanoparticles have been analysed by Koutecky-Levich (KL) and rotating ring-disc electrode methods
glr:]; ene and the results have been discussed following a model proposed here, which considers the O, electrosorption

as the rate determining step. Among them, graphite and graphene based composites have better catalytic activ-
ities and their behaviours agree with the proposed treatment: logarithm dependent of the intercept and non-
dependent slopes values of the KL plots with the potential. Cr,O3-graphite shows a mechanism
interchanging 4 e-, which has been attributed to a graphite- Cr,O3; nanoparticles interaction. Besides, Cr,Os-
graphite-based electrodes have been tested as cathode in a Zn/PVA-KOH/air battery, confirming its good prop-
erties to be applied as positive electrode in metal-air batteries.

Zinc/air battery

1. Introduction

Sustainable energy storage and conversion has become the key
issue for the new energy distribution grids and consequently, has
attracted much attention from research groups and industry. In this
sense, fuel cells and rechargeable metal-air batteries are next-genera-
tion to be energy devices for clean power. These devices rely in the
even prosaic and overworked, but still in the spotlight, oxygen reduc-
tion reaction (ORR).

The sluggish kinetics of oxygen reduction reaction [1] (ORR) is the
decisive factor in such devices. Despite tremendous efforts have been
made, developing oxygen reduction catalysts with high activity and
low cost still remains a great challenge for scientists. Researchers have
struggled for decades to find efficient, stable catalysts to speed up the
kinetics and to minimize energy losses, but so far catalytic efficiency
and long term stability best results are obtained with high ratios of
noble metals such those belonging to the PGM group (platinum group
metals) as Pt, Pd or Ru. However, the cost of a catalyst from the Pt
group for massive implementation is prohibitive being the most expen-
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sive metals together with gold. Apart from price, the European Com-
mission has considered the PGM group metals as critical material in
his first report in 2011[2]. Thus, several approaches have been
explored to replace or reduce the use of noble metal as catalyst for
ORR.

Alloying platinum with transition metals, such as Mn, Fe, Ni, Co,
Mo and Cu[3,4] or combining nonmetallic elements, such as B, P, S,
and N embedded in a carbon-based matrix (heteroatom doped car-
bons)[5,6], pre-treating carbon materials in order to introduce func-
tional groups or defects[7] or using macrocyclic transition metal
complexes[8,9] are one of the explored most promising alternatives.

Carbon materials have been subjected to extensive research during
the last decade, since they are considered as a promising new class of
catalysts for ORR to replace the PGM group metals, firstly reported by
Dai’s group in 2009 [10]. Among them, graphene-based materials are
expected to play a significant role. However, pristine graphene is not a
good catalyst for ORR due to its zero band gap and the absence of
active sites (i.e. low coordinated sites that are generally containing
functional groups) [11,12].
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It has to be noted that the nomenclature of graphene-based materi-
als used in the literature is clearly inconsistent in several articles and
the term of graphene has been used to encompass a wide range of deri-
vate materials [13]. Firstly, graphene-based catalyst term is frequently
used to materials containing graphene, graphene oxide, reduced gra-
phene oxide, and so on. In addition, a differentiation must be made
between functionalized graphene, including groups covalently bonded
to its surface, and doped graphene, where heteroatoms, metal oxides,
etc. are incorporated into the carbon lattice.

Furthermore, graphene and other carbon materials have been mod-
ified incorporating heteroatoms or transition metal oxides to improve
the catalyst properties. It has been demonstrated that carbon nanoma-
terials such as carbon nanotubes (CNTs,1D) and graphene (2D) doped
by different heteroatoms (for example, N, B, P, S, Br, Cl, and I) exhibit
high ORR, but even undoped carbon materials adsorbed with polyelec-
trolytes can show good ORR catalytic activities[14].

Several graphene-based materials have been reviewed recently (see
[11,13,14]). Heteroatom doping can modify the electronic structures
and surface chemical properties of graphene and other carbon net-
works, facilitating the electrochemical reaction on the carbon surface.
Studies on a wide variety of materials have been reported, including B,
N,S-doped CNTs[15], N,B-doped graphene [16], N,S-doped graphene
[17], N,S-doped reduced graphene oxide (rGO) [18], P-doped graphite
layers [19], etc.

Besides, different transition metal oxides exhibited activity toward
the ORR and were proposed as one of the choices to substitute noble
metal catalysts in alkaline solution[20-23]. However, metal oxides
usually show low conductivity values, which inhibits its application
in electrochemical research fields. In order to overcome this shortcom-
ing, these oxides are frequently supported on carbon materials, which
improve their conductivity properties. Graphene has been frequently
used to support different metal oxides, because it acts as electron car-
rier for highly-efficient electronic exchange between graphene and the
metal oxides, which has shown great promise for ORR [24]. Also, chro-
mium oxide has been supported on reduced graphene oxide and its cat-
alyst activity for ORR was demonstrated in alkaline medium[25].

In this work, chromium oxide nanoparticles have been synthesized
and supported on different carbonaceous materials, such as graphite,
graphene and graphene oxide (GO). These nanocomposites have been
characterized by various experimental techniques and their catalyst
activity towards the ORR reaction in alkaline medium have been anal-
ysed by rotating ring-disk electrode (RRDE) technique. All carbon-
based Cr,03 nanocomposites showed better catalytic properties than
Cr,03; nanoparticles alone, confirming that carbonaceous support
greatly improves the catalyst process. However, only the graphite-
based nanocomposite revealed a quasi-pure 4 e ORR conversion,
which was explained as due to a synergetic activity of graphite and
Cr,0s3, on the basis of a graphite-Cr,O3 interaction that enhances the
catalyst behaviour. Besides, the results are in agreement with a ORR
mechanism where the rate determining step has been described by
an electrosorption/desorption step.

Finally, Cr,Os-graphite based cathodes have been tested in Zn/
PVA-KOH/air batteries, which can be considered as alternative to
lithium-ion[26], confirming their application in storage energy
devices.

2. Material and methods
2.1. Chemicals

All chemicals used in the experiments are analytic reagent grade.
Chromium sulphate, Cry(SO4)3-12H,0 was purchased from Merck,
India. Ammonium hydroxide (liquor ammonia) was purchased from
SRL while graphene (graphene nanoplatelets 99%) was purchased
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from Strem Chemicals. Deionized water was used throughout the
experiment.

2.2. Synthesis methods

2.2.1. Synthesis of Cro03 nanoparticles.

The synthesis of chromium oxide (Cr,0O3) nanoparticles was carried
out by the precipitation of chromium hydroxide (Cr(OH)3) according
to the reaction[27,28]:

Cr(NO;3);9H,0 + NH,OH — 3NH,NO; + Cr(H,0);(OH); + 6H,O

For the precipitation of chromium hydroxide, aliquots of ammonia
were added until reaching a pH=10 with constant stirring and con-
trolled temperature of 60 °C. The obtained product was rinsed, washed
with distilled water, dried, grinded and finally annealed in air at 350 °
C for 3 h in order to get the Cr,O3 nanoparticles according to the fol-
lowing reaction:

2Cr(H,0);(OH); — Cr,0; + 3H,0

2.2.2. Synthesis of GO

Graphene oxide (GO) was prepared following a typical procedure
by using a modified Hummers method [29]. Synthesis started with
the preparation of 70 ml of sulphuric acid (H>SO4, 95-98%, Sigma-
Aldrich) and 1.5 g of sodium nitrate (NaNOs, Merk, 99.5%) solution.
After that, 2 g of graphene were added under vigorous magnetic stir-
ring. To reach the desire compound, 9 g of potassium permanganate
(KMnOy, Aldrich Chemical, 99%) were slowly added into the solution.
The resulting solution was stirred until it turned to a dark green colour
where the whole oxidation reaction was completed. To stabilize and
exfoliate the graphene oxide and eliminate the excess of KMnO,, sev-
eral solutions composed by H,SO,4, hydrogen peroxide (H>O, 30%,
Labkem) and distilled water were added. The resulting product was
collected by centrifugation for 20-30 min until pH 7 was reached.
Afterwards, the final product was preserved in water solution.

2.2.3. Synthesis of Cr,03 nanocomposites.

Graphite flakes (Alfa Aesar, 99.8%), graphene nanoplatelets (Strem
Chemicals, 99%) and GO were added to the above-mentioned initial
solution in order to obtain a CryOs/carbon compound 1:1 M ratio.
To obtain the composites, the synthesis route was adapted to add
the allotropic forms of carbon during the formation of the nanoparti-
cles. Basically, the carbon allotrope and the salt precursor were added
in the reaction pot simultaneously. The aim of such procedure was to
get the nanoparticles precipitation onto the allotropes flakes. In addi-
tion, this mild new route did not alter the composition and structure of
the final nanoparticles and would allow us to obtain a most uniform
distribution of all components.

To obtain Cr,03-GO nanocomposite the allotrope had to be added
at a later stage, after synthesis of the Cr,O3; nanoparticles, as it has
been observed that when a GO solution is added to a solution that con-
tains Cr>" cations, these are spontaneously adsorbed by GO [30,31].
This causes the reduction of GO, creating bonds of its functional
groups with Cr®* and also producing an uncontrolled precipitation
of a mixture of different phases of chromium oxides and hydroxides.
To avoid this drawback, the GO solution was added once the precursor
salt has precipitated, keeping constant stirring for 12 h at 80 °C. In this
way, the nanoparticles re-aggregate among themselves (flocculate)
and are deposited on the GO sheets. The final thermal treatment to
obtain Cr,03-GO was kept as in the case of normal precipitation,
350° C for 2 h.
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2.3. Structural characterization.

The structure of the as-grown samples was assessed by x-ray
diffraction (XRD) on a Philips X’Pert PRO diffractometer using Cu Ka
radiation. Micro-Raman measurements were carried out at room tem-
perature in a Horiba Jovin-Ybon LabRAM HR800 system. The samples
were excited by a 633 nm He-Ne laser on an Olympus BX 41 confocal
microscope with a 100x objective. A charge coupled device detector
was used to collect the scattered light. The spectral resolution of the
system used was ~ 1 cm ™~ !. Laser power density was carefully adjusted
in order to avoid heating or irradiation effects. Spectra shown in this
work were taken under the same experimental conditions. High reso-
lution transmission electron microscopy (HRTEM) images were
obtained in a field emission Jeol JEM 3000F microscope operating
at 300 kV. For HRTEM observations, nanoparticles were dispersed in
a butanol solution. Drops of this solution were then deposited onto
amorphous carbon-coated copper grids.

2.4. Electrochemical characterization.

The electro-chemical performance tests were conducted by using a
Biologic VSP Modular 5 channels potentiostat/galvanostat electro-
chemical workstation coupled with a rotating disk-ring electrode sys-
tem RRDE-3A (Als Co.Ltd.) with a three-electrode system consisting
of a (glassy carbon) GC disk-Pt-ring as working electrode, a Pt wire
as counter electrode and an Ag/AgCl reference electrode. To address
the influence of a possible Pt dissolution and re-deposition on the
active material during the measurements, we carried out the same
experiments using a stainless steel counter electrode. The obtained
results agreed with those obtained using Pt as counter electrode. Based
on this agreement between the curves obtained for different counter
electrodes, we can discard the Pt dissolution under testing and its
influence on the results obtained for the catalytic activity of our
Cr,03-based materials. The working electrodes were prepared as fol-
lows. Catalyst dispersions were prepared by mixing 15 mg of the cat-
alyst powder in 2 ml of Nafion solution (9 ml IPA + 1 ml Nafion 5%)
followed by 30 min ultrasonication. The glassy carbon disk electrodes
(4 mm diameter, 0.1256 cm? surface area) served as the substrate and
were polished to a mirror surface using different alumina grades. 5 pl
of the prepared catalyst suspension was pipetted onto the glassy car-
bon disk electrodes and then fully dried. The loading of Cr,O3 based
composites or nanoparticles on the electrode was 0.3 mg/cm? The
working electrode was first cycled between 0.2 and —1V vs. Ag/AgCl
at a scan rate of 50 mVs ™! in a N,-saturated (30 min) 0.1 M KOH solu-
tion at room temperature until reproducible cyclic voltammetry (CV)
results were obtained. Then, the measurements of oxygen reduction
were conducted by linear sweep voltammetry (LSV) between 0.2 and
—1 V vs. Ag/AgCl in air saturated (30 min) 0.1 M KOH electrolyte
with a scan rate of 50 mVs ™ *.

Cr,03-graphite composite was tested as cathode electrode in a Zn/
PVA-KOH/air battery, with Zn powder as negative electrode and a
PVA-KOH gel polymer as the electrolyte. The contact area was always
1.1 em? and nickel mesh current collectors were used. Zn powder (pu-
rity 98.5%) was supplied by Goodfellow and an amount of 0.5 gr was
used in the negative electrode. PVA-KOH gel polymer electrolytes
were synthesized as it was described previously[26,32,33] and con-
ductivity values of 0.34 Sem™ at 20 °C were obtained for these. PVA
MOWIOL 18-88 (MW 130.000 and KOH (85%) were obtained from
Sigma-Aldrich. Besides, MilliporeTM water with resistivity of > 18
MQcm was always used.

Cathodes for Galvanostatic discharges and polarizations tests were
25 wt% of Cr,03-composites or Cr,O3 nanoparticles, 5% PVdF and the
rest carbon black. Total weight of the cathodes was 0.105 + 0.001 g.
Galvanostatic Discharges at —5 mA and polarization analysis were
performed using the same Biologic potentiostat/galvanostat.
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3. Results and discussion

3.1. Structural characterization of Cr,0O3 and its composites

3.1.1. XRD

The long-range structural order and phase purity of the obtained
samples were assessed by powder X-ray diffraction (XRD). The corre-
sponding patterns (Fig. 1) are in perfect agreement with those of
Cr,03 (JCPDS file 96-901-2231, lattice constants a = b = 4.958 A,
¢ = 13.593 A, space group R-3¢). The diffraction maximum appearing
at 26.55° in XRD patterns from the composites with graphite and gra-
phene corresponds to C (002). No carbon-related maxima were found
in XRD patterns of the GO composite, probably due to its low crys-
tallinity. Diffraction maxima corresponding to secondary phases or
unreacted precursors were not observed in our XRD measurements.
Scherrer analysis of the Cr,O5 related maxima reveal little difference
in the crystallite size among the different samples, which ranges
between 21.3 nm (Cr,O3-graphite composites) and 23.5 nm (Cr,O3-
GO samples).

3.1.2. Raman

The short range structural order of the Cr,O3; nanoparticles and
their composites was investigated by micro-Raman spectroscopy.
Fig. 2a shows a representative example of the chromium oxide spec-
trum, with peaks centred at 300 cm ™! (E; symmetry), 355 cm ™!
(Eg), 527 em ™! (Ey), 555 cm ™' (A;y) and 615 ecm ™' (E,), which are
all characteristic of Cr,O3[34]. Another broad, dominant peak can
be observed centred at about 835 cm™'. This peak has been rarely
reported in the literature and its origin is unclear. We tentatively attri-
bute this band to a O-Cr®*-O vibration associated to surface structural
disorder[35], in agreement with the small size of our nanoparticles
obtained at 350 °C. In fact, we have found that the relative intensity
of this Raman peak decreases upon annealing the sample up to 700 °
C. Raman spectra of the composites (Fig. 2b) show, besides the
Cr,05 related peaks, bands centred at 1332 cm ™! (D band), (1581 —
1586) cm ™! (G), 1614 cm ™! (D", 2675 cm ™! (2D), and 2917 em ™!
(D + D). The D peak is a defect-activated band associated to the
breathing modes of six-atom rings K-point phonons (A;, symmetry).
The D' band is also related to defects, since it originates from intraval-
ley one-phonon double resonance Raman processes involving one lon-
gitudinal optical phonon near the I' point of the Brillouin zone (BZ)
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Fig. 1. XRD patterns of the Cr,Os; nanoparticles and their composites with
graphite, graphene and GO. Only the main diffraction maxima of Cr,O3 have
been labelled. Peaks at 26.55° marked with an asterisk correspond to C (002)
from graphite and graphene.
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Fig. 2. Raman spectra of Cr,O3 nanoparticles obtained at 350 °C (a) and their
composites with graphite, graphene and GO (b). (c) Detail of the G band
observed in Raman spectra of pristine graphite, graphite annealed at 350 °C
and a Cr,O3-graphite composite. FWHM of each band is indicated above the
corresponding spectrum.

and one defect. The G band is a doubly degenerate phonon mode (Ey,
symmetry) at the BZ center that is due to the bond stretching vibra-
tions of all pairs of sp? atoms in both rings and chains of carbon net-
works [36,37]. 2D band corresponds to the harmonic (second order
Raman scattering) of an in-plane transverse optical (TO) mode close
to the zone boundary K point [38]. The higher intensity of the D'
and D + D' peaks in the GO composite indicate a higher structural dis-
order in this sample, in agreement with our XRD data. In addition, a
clear shift of the G band towards higher wavenumbers was observed
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in the graphite composite. In fact, measurements carried out in differ-
ent spots of the same composite, as well as in different samples, show
that while this band appears centered at (1581.0 + 0.5) cm ™! in the
samples containing graphene and GO, it is peaked at (1585 + 1) cm ™!
in the Cr,Os-graphite composite. In principle, such shift could be
attributed to a compressive strain, which has been reported to be
sometimes induced in carbon materials upon annealing [39]. Such
strain does not make the full width at half maximum (FWHM) of the
G band to decrease; on the contrary, it is found to be sometimes
increased due to an enhancement of the closely positioned D' band
[40]. In order to clarify this point, we measured Raman spectra of
the same graphite used to synthesize the composites before and after
annealing two hours at 350 °C, which is the same thermal treatment
used to obtain the corresponding composites with Cr,O3 nanoparticles.
Results are shown in Fig. 2c. While spectra of the pristine and annealed
graphite samples show the G band peaked at 1581 cm™*, that of the
composite shows that band peaked at 1585 cm ™. Most importantly,
this signal can be very well fitted with a single Lorentzian profile
and the corresponding FWHM is significantly smaller in the case of
the Cr,03-graphite composite. Indeed, spectra taken in the same exper-
imental conditions in at least ten spots of two different samples of each
kind reveal that the FWHM of the G band is (18.0 = 0.9) cm ™! for as-
received graphite, (16.9 + 1.0) cm ™! for annealed graphite and just
(13.4 * 1.1) cm ™! for Cr,05-graphite composites. These observations
seem to rule out strain and point towards electron doping as a possible
mechanism responsible for the G band shift and decreased FWHM
[40,41] and evidence a strong interaction between chromia nanopar-
ticles and graphite in our composites. This process has been mainly
investigated in Raman spectra of graphene, although the origin of
the G band is the same in both materials. Furthermore, recent density
functional theory (DFT) calculations and Raman measurements [42]
reveal an interfacial charge transfer from graphene to chromia and
even how chromia is able to induce a significant carrier spin polariza-
tion in the graphene layer. Although further studies are necessary to
fully understand the reasons behind this charge transfer process, the
formation of Cr-C bonds can be in principle ruled out as the origin
of such interaction, since the formation of Cr carbides was neither
detected by XRD nor by micro-Raman measurements.

3.1.3. TEM

Low magnification TEM images (Fig. 3a) show thin nanoplates of
nearly hexagonal shape and sizes ranging between 10 and 70 nm,
approximately. HRTEM images, like that shown in Fig. 3b, reveal
the crystalline nature of the obtained material. The fringe spacing
marked in the image measures 2.49 A, which corresponds to the
(110) interplanar spacing of Cr,Os;. The average diameter of the
nanoparticles is (33 = 14) nm and the particle size follows a lognor-
mal distribution (Fig. 3c). The morphology and crystallinity of the
oxide nanoparticles is preserved in all the composites, where they
appear quite uniformly distributed on the graphite, graphene and
GO layers. An example is shown in Fig. 3d, corresponding to the
Cr,03-graphene sample. The inset shows the stacking of several layers
of the carbon compound. Fig. 3e shows a HRTEM image of a CryO3
nanoparticle of the graphite-containing composite, while Fig. 3f shows
the area marked in the previous figure at higher magnification. The
fringe spacings indicated in the image measure 2.65 A and 3.58 A,
which respectively correspond to the (104) and (012) interplanar
spacings of Cr,0s.

3.2. ORR activity of Cr,03 and its composites.

Fig. 4 displays the RRDE LSV curves of the different chromium
oxide—carbon composites (4b: Cr,03-GO; 4c: Cr,Os-graphene; 4d:
Cr,03-graphite), as well as those obtained from the nanoparticles with-
out carbon allotropes (Fig. 4a). The LSV curves have been recorded at
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Fig. 3. (a) Low magnification TEM image of the investigated Cr,O3 nanoparticles. (b) HRTEM micrograph showing the crystalline nature of the obtained oxide. (c)
Cr,03 particle size distribution histogram and lognormal fitting. (d) Low magnification TEM image of the Cr,Os-graphene composite showing the oxide
nanoparticles distributed on the carbon layers. Stacked carbon layers can be observed in the inset. (¢) HRTEM micrograph of a chromia nanoparticle in the Cry03-

graphite sample. (f) HRTEM image of the area marked in Fig. 3 (e).

0.05 Vs~ scan rate in air and N, saturated 0.1 M KOH electrolyte at
different rotation rates.

From the curves in this figure it can be seen that there is no peak in
the N, saturated electrolyte, a fact that means that the catalysts were
apparently stable in the alkaline electrolyte. When the air-saturated
electrolyte is considered, a cathodic current plateau is observed at
the disk electrode for potentials between —0.6 V and —1.0 V. This
can be attributed to the catalytic performance of the materials laid

in the disk electrode for oxygen reduction reaction. It can be also
observed that the disk current intensity increased with increasing rota-
tion speed at the same potential, indicating a convective mass trans-
port influence that could be analysed in terms of a Koutecky-Levich
(KL) type equation (see below).

When comparing the performance of the different composites at a
given rotation rate, it can be concluded similar ability of Cr,O5-gra-
phene and graphite modified electrodes, which present similar smaller
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Fig. 4. RRDE LSV curves of the different chromium oxide-carbon composites (b: Cr,03-GO; c: Cr,O3-graphene; d: Cr,O3-graphite), as well as those obtained from
the nanoparticles without carbon allotropes (a). Scan rate v = 0.05 Vs~ ! in air and N, saturated 0.1 KOH electrolyte. The values of the rotation rates (in rpm) are

given in the curves.

onset potentials (0.65 = 0.2 V vs. RHE) and plateau currents which
practically doubles that obtained for Cr,03-GO. In the case of Cr,O3
nanoparticles, no clear plateaus are obtained, but the currents are sim-
ilar to those obtained for Cr,O3-GO. Concerning the onset potential
corresponding to a current density of —0.1 mAcm?>, there is an
increase of around 60 mV between the response of the Cr,O3-graphene
and graphite composites and those of Cr,O3 nanoparticles. Both effects
(lower onset and higher current plateau) points to a more effective cat-
alytic oxygen conversion in the case of the graphene and graphite
modified electrodes. Besides, catalytic activity of pristine graphite
and graphene materials have been compared with their CryOs-based
materials (Figure S1 and S2), confirming the improvement of the cat-
alysts when Cr,O3 nanoparticles were incorporated into carbonaceous
materials.

In order to analyse the electrochemical performance of the ORR
chromium-carbon electrocatalysts, the usual approach is to use the
RDE or RRDE. Thus, the kinetics of ORR was analysed according to
the Koutecky-Levich (KL) expression deduced in the Appendix. KL
analysis allows us to obtain overall kinetic parameters for the ORR
reaction but it should be taken into account that KL does not provide
information relative to the mechanistic pathways of the process. KL
implicit assumptions (first order reaction kinetics and a single rate lim-
iting step) restrict its applicability since multistep processes with for-
mation of intermediate products are likely to occur [43].
Nevertheless, it is still a powerful tool in the analysis of kinetic capa-
bilities of ORR catalysts when there is a rate limiting step acting as a
bottleneck for the overall process [44,45]. Thus, the validity of KL
assumptions can be tested from the experimental results (see below)
[46].

In the model developed here, it has been assumed that the rate-lim-
iting step is the electrosorption of the solution soluble oxygen to a
given active site in the modified electrode. Under these conditions,
the KL expression can be written as (see Appendix),

1 1 w12
Jo  nFkecy, - 1/6p23 M)
ss adsCo, 0.627'LFC02L/ D02

where n is the electron transfer number, F is the Faraday constant,
Do, = 1.93 x 107° cm®s ™! is the diffusion coefficient of O, in the elec-
trolyte, v =1.09 x 107> ecm? s~! is the kinematic viscosity, and
"0, = 0.256 x 107° mol cm ™3 is the bulk concentration of O, in the
electrolyte using air instead of pure O, [47].

Figs. 5 and S3-6 show clear linear dependences of the inverse of the
current density on the inverse of the square root of the rotation rate.
From the slopes of the linear plots and by applying Equation (1) we
have obtained the values of the number of transferred electrons given
in this figure. Thus, for Cr,O5-Graphene Oxide (Figure S5) and Cr,O3
nanoparticles (Figure S6), the values of n are between 1.6 and 2.3
whereas for CryOs-Graphene (Figure S4) and Cr,Os-graphite (Fig-
ure S3) the average values are between 2.7 and 3.8, in line with the
current-potential curves of Fig. 4. However, it has to be taken in
account that the KL theory was originally developed to measure phys-
ical quantities, such as the diffusion coefficient of a solute, using cer-
tain electrochemical reactions (n was considered as a constant).
However, n is not constant during ORR process measured by the RRDE
method.

In agreement with the model developed in the Appendix, the
adsorption rate constant should depend on the potential in a Butler-
Volmer way (see Equation), k. = k°e=9". Therefore, in agreement
with Eq. (A.6), a linear dependence between the inverse of the current
density and /2 should be expected, with an intercept logarithm-
dependent on the applied potential. Fig. 6 shows the linear depen-
dence between KL plot slopes and In(intercepts) with E values for all
composites and Cr,O3 nanoparticles analysed. Although very approxi-
mate, from these plots it can be seen an almost identical linear depen-
dence for Cr,0O3 nanoparticles and Cr,Os-graphene oxide, with both of
them located a higher In(intercepty) values. This fact seems to
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Fig. 5. KL plots for the different chromium oxide-carbon composites as well
as that obtained from the nanoparticles without carbon allotropes. Only KL
plots at —0.9 V are displayed here, with the n value obtained at this potential.
The complete KL plots at different potentials are included in the supplemen-
tary information file (Figs. S3-S6).
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Fig. 6. Dependence of the slope (a) and In(intercept) (b) values from the KL
plot versus potential values, for Cr,03-based composites and Cr,O3; nanopar-
ticles. Results obtained for Pt/C have also been included.

indicate a higher activation requirement for these composites, contrar-
ily to CryO3-graphene and graphite that present lower In(intercepty;)
values (Fig. 6.b). Besides, no significant deviations with potential are
observed for the KL slopes of graphene and graphite composites, as
can be seen in Fig. 6.a. These results agree with our proposed theoret-
ical model, confirming the electrosorption of O, molecules at the
active sites of the composites as the rate-determining step. However,
the KL slopes of Cr,O3; nanoparticles and GO composite vary with
the potential, confirming a more complex catalyst mechanism. To con-
firm the application of this model, results obtained for Pt/C have been
included as well. Once again, data obtained from KL plot for Pt/C cat-
alyst, demonstrate a dependence of the In(interceptyk;) and indepen-
dence of slopes versus potential values.

The inconsistencies arisen from KL method when obtaining the
electron transfer number point towards the non-compliance of the
KL assumptions in the case of CryOs-graphene oxide and Cr,O3
nanoparticles and suggest that a more complex pathway should be
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considered in these cases. In order to gain further insight into the reac-
tion kinetics, RRDE tests were also analysed by using Egs. (2) and (3)
relative to the dependence of the electron transfer number and the per-
centage ratio of HO, on the electrode potential[46]

414
I+ (%’,)

©

I./N
Ig+ (&b

%HO, = 200 (3)

where 14 is the disk current, I, is the ring current, and N is the geo-
metric factor of the RRDE, more often denoted as the current collection
efficiency of the Pt ring, which was determined to be 42.4 [48,49]. The
results obtained for the four modified electrodes at 1600 rpm in the
potential range (—1.0, —0.6) V are shown in Fig. 7. Besides, Fig-
ure S7-S10 display de n and %HO, values for all electrodes and rotat-
ing rates. As can be seen, only the graphite composite shows a n value
close to 4 (3.7-3.9), in agreement with the value obtained for KL treat-
ment. However, graphene and GO composites as well as Cr,O3
nanoparticles reported n values ranging between 2.5 and 3. This result
points to a higher catalytic activity for the Cr,O3-graphite composite.
Note that only the n values obtained for graphene and graphite com-
posites agree with those derived from KL method, confirming a higher
consistency of the KL treatment in these cases. Nevertheless, KL limi-
tations should be taken into account when complex kinetic processes
are analysed, as indicated by different authors [50,51].

Fig. 7 also shows that the percentage of HO, for graphite compos-
ite slightly increase with the decrease of electrode potential, but main-
taining always significantly lower values, ranging between 4 and 11%,
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Fig. 7. Dependence of the electron transfer number and the percentage ratio
of HO, on the electrode potential calculated from Equations (2) and (3) from
the data in Fig. 5. The data correspond to Cr,Os-graphene oxide, Cr,Os-
graphite, Cr,Os-graphene, as well as those obtained from the nanoparticles
without carbon allotropes. Rotation rate: 1600 rpm.
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Fig. 8. Plots of the difference of anodic and cathodic current densities against
the scan rate for the Cr,O3 composites and Cr,O3 nanoparticles.

than those obtained for Cr,O3; nanoparticles, as well as graphene and
GO composites. This result confirms that the ORR occurred almost
exclusively by a 4 e mechanism. However, the percentage of HO5
for graphene and GO composites as well as Cr,O3; nanoparticles are
always higher than 50%, indicating a mixed contribution of a different
ORR mechanistic pathways, an evidence also supported by the KL
results. The higher catalytic activity of the Cr,O3-graphite composite
may be explained by the strong interaction revealed by Raman spec-
troscopy between Cr,O; nanoparticles and graphite (see Raman sec-
tion). This interaction provides a synergistic effect enhancing the
catalytic properties of Cr,Os-graphite composite, which is not
observed for GO and graphene composites.

With the aim of estimating the amount of active sites for the ORR
catalyst we have adapted a method proposed by M.B. Stevens et al.
applied to OER[52,53]. We have carried out a voltammetric study of
the composites in a capacitive region, —0.3 to —0.1 V, where there
is no faradaic contribution. Fig. 8 shows the differences of anodic
and cathodic current densities versus scan rates[52-54], obtaining
slopes (areal capacitance) proportional to the number of active sites
as well as to the electrochemical surface area of each sample. As can
be seen, graphene and graphite composites report the higher areal
capacitances, 25.8 and 24.0 mF cm ™2, whereas Cr,Os; nanoparticles
reached only 15.0 mF cm ™ 2. This result agrees with the smaller ORR
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Fig. 9. LSV curves obtained before and after 1600 voltammetric cycles for
Cr,05-Graphene (a) and Cr,0Os-Graphite (b) materials.

onset and higher n values obtained for Cr,0s-graphene and Cr,03-gra-
phite composites, confirming that these materials enable abundant
active sites to promote the eletrocataliytic activity of the Cr,0s3.

Moreover, long term analyses of CryO3-Graphene and Cr,O3-Gra-
phite materials have been carried out to test the stability of the
Cr,03-based materials with the cycling. As shown in Fig. 9, the agree-
ment of LSV curves obtained before and after 1600 CV cycles is
extraordinary for the graphene-based material. As regards to Cr,Os-
Graphite, a very good stability is also obtained, although a minimal
intensity decreasing is observed only in the —0.3 V to —0.7 V range.
These results confirm the high stability with the cycling of both
materials.

Finally, catalyst properties of the Cr,O3-graphite composites have
been tested as cathode electrode in a Zn/PVA-KOH/air battery,
demonstrating its applicability as ORR catalyst in a real metal/air bat-
tery. Specific capacities of 195 and 266 mAhg ™! were obtained using
Cr,03-graphite-based electrodes with 9 wt% and 25 wt%, respectively.
As can be seen, a much lower capacity of 132 mAhg ™! was achieved
for Cr,03 nanoparticles 25 wt%-based electrode (Fig. 10.a). Moreover,
a polarization study has been carried out for the Zn/PVA-KOH/air bat-
tery using a Cr,Os-graphite-based electrode. Fig. 10.b shows the poten-
tial and power values versus current intensity, resulting specific power

value maximum of 0.41 kW-kg~! at discharge current of 75 mA cm ™ 2.
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Fig. 10. a) Discharge curves of Zn/PVA-KOH/air batteries using cathodes with different catalyst: Cr,O3 nanoparticles 25 wt% and Cr,Os-graphite at 9 and 25 wt
%. b) Potential and specific Power versus Current Intensity obtained during polarization measurements of a Zn/PVA-KOH battery using a 25% wt Cr,Os-graphite-
based cathode. Specific capacity and power values were calculated with the total mass of cathode and anode electrodes.
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4. Conclusions.

In this work, highly crystalline Cr,O3 nanoparticles and their com-
posites with graphite, graphene and GO have been synthesized by a
soft chemistry route which preserves the structure and properties of
the carbon material while yielding phase pure, highly crystalline oxide
nanostructures, as evidenced by XRD, HRTEM and micro-Raman spec-
troscopy. The obtained materials have been examined as catalyst for
the oxygen reduction reaction by different electrochemical methods.
A reduction mechanism assuming that the rate limiting step of the pro-
cess is the electrosorption of oxygen has been proposed. The results
obtained by Koutecky-Levich analysis indicates that the behaviours
of graphene and graphite composites are consistent with the model
proposed, showing In(intercepty;) linear dependence, but slopesy;,
independence vs. potential values. Moreover, these composites show
the lower onset and the higher intensities as well as superior numbers
of active sites and good stabilities in long term analyses. However, the
catalytic performance of Cr,O3 nanoparticles and the Cr,03-GO com-
posite point towards a different reaction pathway for the ORR. Besides,
Cr,05-graphite provided an electron transfer number close to 4 elec-
trons for the O, reduction, indicating a direct conversion of O, to
OH . This behaviour can be related to the high amount of active sites
for the catalyst process found for Cr,O3-graphene and Cr,O3-graphite,
as compared to Cr,O3 nanoparticles. However, the strong interaction
revealed by Raman spectroscopy between Cr,O; nanoparticles and
graphite gives rise to a synergistic effect which enhances the catalytic
performance of the Cr,O3-graphite composite.
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Appendix

The process under study corresponds to the oxygen reduction reac-
tion (ORR) at a glassy carbon electrode modified with chromium oxide
nanoparticles with different carbon allotropes. We will assume that the
rate limiting step of the process is the electrosorption of oxygen in
solution to give a charged surface state leading to superoxo or 0xo oxy-
gen confined moieties depending on the potential region (step (1))
[55,561,
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K

Oz)sol +ne” <k_d)ogi)>uﬁ' (1)
05 ) e — HO, (22) ®
037),,« — HO™ (2b)

The electrosorption of oxygen will be considered as the rate limit-
ing step of the overall process. These surface confined reduced oxygen
states evolves in further subsequent steps in order to release peroxo or
hydroxo species in the electrolytic medium (steps (2a) or (2b)). Under
these conditions, the apparent kinetics of the overall process leads to a
current expression in the way

I S
m = kﬂdCO2 — kdml"og— (A.l)
with ¢, being the surface concentration of oxygen in solution at
the nanoparticle-solution interface and I'o;- the surface excess of elec-
trosorpted oxygen charged species.

It will be assumed that the dependence on potential of the electro-
sorption and electro-desorption rate constants is given by a Butler-Vol-
mer type formalism [57],

— 0 ,—ayn — 0, ,—dn
Ko = Ko Ke } a2)

kdcs = koe(l—a)yv] = koe(l“”/”

with y being the electrosorption valence, which is a function of the
applied potential, and

nF !
n= ﬁ (E - Egds) (A3)
where EY,_ is the equilibrium potential for the electro-sorption/elec-

tro-desorption process [57]. Equations (A.2) indicate that the equiva-
lent cathodic and anodic “charge transfer coefficients” for the
electro-sorption and electro-desorption processes have apparent values
since « = ayand (1 — a) = (1 — a)y. Indeed, o'n is the only magnitude
that can be obtained from a Tafel analysis of the foot of the cathodic
wave.

The flux of oxygen to the nanoparticles surface is directly related to
the electrosorption process (if we consider a fully irreversible charac-
ter), that is,

dCO S
Do, < dXz)x:o = kadCo2 (A4)

We will assume a stationary mass transport condition for oxygen
since a rotating disc electrode is causing a convective transport of O,
towards the electrode surface. Under these conditions, the concentra-
tion profile of O, can be obtained by solving the following equation
[58]:

dco,  x*dco,

&2~ B dx (A.3)
where,

B Do, (A.6)

T 0.510%2 172

Do, is the diffusion coefficient of oxygen, w is the rotation speed of
the RDE and v is the kinetic viscosity of the solvent. By solving Eq.
(A.5) the following expression for the surface concentration of species
0O, is obtained

dc
¢, =c —142931/3<&> (A7)
02 02 dx x=0
By inserting Egs. (A.7) into (A.4) and solving for Cp, it is
obtained
s CE)2
o = T 190 (A8)

Do,
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Koutecky-Levich analysis

This type of analysis is carried out under stationary conditions.
Typically, the inverse of the current density is divided into two contri-
butions related to a redox kinetics contribution and a mass transport
contribution[43,45] . In this case, we have assumed that the activation
term is related to the electrosorption of molecular oxygen to the
nanoparticle surface. Thus, from Eq. (A.1) under fully irreversible
redox conditions, by solving for the inverse of the current density
we obtain

11 1298 1 N w /2
Jss n-Fkadscz)z TlFC62 D02 n-FkadsC?)z 062TIFCBZ D71/6D323

(A9)

where J is the steady state current density (in A em™?) and o is
the rotation speed in rad s~ ’. In agreement with the above equation,
the plot of J.! vs. @~ !/2 should be linear.

By inserting the values of Dy,, co,* and v, Eq. (A.9) becomes

2

In agreement with Egs. (A.2) and (A.9), the slope of these plots
should be independent on the applied potential whereas the logarithm
of the intercepts should show a linear dependence with the applied
potential since,

_405x107° 13206
B nkads n

J;!' (mA cm (A.10)
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jelechem.2021.115441.
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