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Abstract

The electrochemical 2e” oxygen reduction reaction (ORR) represents a green, cost-effective strategy towards
hydrogen peroxide (H,O,) production other than a promising and more sustainable alternative to the currently
anthraquinone-based technology. Light-weight hetero-doped carbon networks, particularly oxidized systems
containing variables O-functionalities, have been deeply investigated as promising and selective metal-free
electrocatalysts for the process. Following previous and positive outcomes from our team on the tailored surface
engineering of complex C-nanocarbon networks with phenolic dangling groups as effective O-functionalities
engaged for the molecular oxygen activation and its selective (2e") electroreduction, we propose hereafter a facile,
scalable and highly reproducible one-pot protocol for the mild and controlled oxidation of multi-walled carbon
nanotubes. The as-prepared materials have shown a phenolic enriched surface and a superior ability to foster the
almost chemoselective 2e” ORR process already under low overpotential values.

Keywords: H,O, electrochemical synthesis, metal-free carbon-based electrocatalysts, oxidized carbon nanotubes,
2e oxygen reduction reaction
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INTRODUCTION

Hydrogen peroxide (H,0,) is a widespread, environmentally friendly oxidant whose applications span from
fine chemical synthesis to paper bleaching and up to medical disinfection?. Its global demand has reached
4.5 million metric tons in 2020 and it is expected to grow up to 5.7 million metric tons by 2027".. Current
technologies for H,O, production mainly rely on the anthraquinone oxidation process that still suffers from
many constraints such as: (1) the use of expensive platinum group metals (PGM)-based catalysts; (2) the
need of centralized and large-scale infrastructures; (3) the existence of convenient and safe solutions for the
H,O, transportation/delivery to its ultimate destination'*.

A valuable and sustainable alternative for the on-site H,O, production is represented by the partial (2¢")
electrochemical reduction of dioxygen'”. Oxygen reduction reaction (ORR) is a multielectron process that
occurs through a 2e” or 4e reduction path. While a complete 4e” reduction to water is widely exploited in
the cathodic part of fuel cell devices™®, the partial 2e” reduction path can be conveniently employed for
H,O, electrochemical synthesis. The electrochemical 2e- ORR pairs well with the urgent quest for a more
and more mature transition towards e-catalysis"” where the process at standard ambient temperature and
pressure (SATP) conditions can be conveniently powered by renewable (fossil fuels-free) energy sources.
For these reasons, the last decade has witnessed a steadily growing interest of the scientific community for
the development of electrocatalysts with improved activity and selectivity for hydrogen peroxide production
with a key focus on the replacement of critical and costly metal active phases (i.e., Pt, Ag and Au)"""* with
cheaper and more sustainable ones. Carbon-based nanomaterials in the form of light-weight hetero-doped
(i.e., N and O mainly) enriched C-networks, have recently emerged as valuable alternatives to classical
(noble)-metal-based catalysts for a wide range of thermal- and electrochemical processes"*'”, including the
challenging 4e"*'”) and 2¢- ORR"*".. As for the latter, carbon nanomaterials in the form of O-enriched
221 In spite of a
number of seminal research outcomes, a clear structure/reactivity relationship for this class of metal-free
materials still remains rather elusive”. Classic bulk and often batch-dependent synthetic strategies that
generate O-enriched carbon samples exhibit complex morphological and chemico-physical properties,

networks seem to offer the highest performance at least in terms of process selectivity'

making it difficult - if not entirely speculative - to identify the nature of the active sites involved in the
selective reduction process. To face this issue, we have recently proposed the C-nanomaterials engineering
by tailored O-containing functional groups as a more effective synthetic tool for the control of the chemical
and electronic properties of surface materials. Our evidence highlighted phenol moieties as ideal candidates
for the generation of an electronic microenvironment at the C-nanomaterial surface suitable to promote the
dioxygen activation and its selective electroreduction to H,0,". Although the authors are aware that
electrocatalysts performance remains a complex balance between their morphology and chemical
composition, the proposed top-down synthetic approach represents a powerful tool to better identify the
role of O-groups in the process while driving synthetic chemists towards materials with optimized

[26]

performance”.

In this work we have reported on two alternative, simple and easily scalable synthetic protocols for the
direct surface oxidation of ultra-pure multi-walled carbon nanotubes (MWCNTs, 2 98% in C) and their use
as metal-free electrocatalysts for the selective 2e- ORR. To this end, two different oxidation schemes for the
bulk and multi-gram scale treatment of MWCNTs have been described and oxidation products have been
thoroughly analyzed with respect to their electrocatalytic performance in the 2¢” ORR. In particular, MW-
ox"" (1) was prepared according to the classical sulfo-nitric acid treatment”* commonly exploited to
maximize C-materials surface decoration with carboxylic moieties, while an alternative oxidation scheme
based on the use of aqua regia was exploited to tune the O-content (oxidation degree) and relative
distribution of various O-containing functionalities at the nanomaterial surface [i.e., phenolic vs. carboxylic
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groups, MW-ox"" (2)]. Our findings have unveiled that oxidation degree of C-networks did not affect
linearly ORR activity whereas selectivity towards 2¢ ORR was largely boosted by phenol-enriched
MWCNTs prepared under milder oxidation conditions based on the use of aqua regia.

EXPERIMENTAL

General considerations

MWCNTs (MWCNTSs > 98% in C, Lot# MKBH5814V) and chemicals were provided by Merck and used as
received. An Elma S15 Elmasonic sonicator bath (37 kHz) was employed for materials sonication while
carbon nanotube (CNT) filtration was accomplished on polytetrafluoroethylene (PTFE) filters (Whatman®,
0.2 um pore size) upon wetting with alcoholic solutions.

Direct surface oxidation of highly C-pure MWCNTs

A first batch of oxidized MWCNTSs was prepared according to a mild (r.t.) oxidation protocol from the
literature®”. In brief, 100 mg of MWCNTs were sonicated in 16 mL of a H,SO,/HNO, 3:1 mixture at room
temperature for 24 h. Afterwards, 20 mL of distilled water were added portion-wise and the resulting
suspension was collected by filtration through a PTFE membrane. The solid was then washed with distilled
water and till complete neutrality of the filtering liquors. The collected oxidized sample MW-ox"" (1) was
then dried under vacuum to constant weight and regularly stored on air.

A second oxidation batch of MWCNTSs was prepared upon a high-temperature (= 108 °C) treatment of the
C-network with aqua regia. On this ground, 100 mg of MWCNTs were suspended in 16 mL of a HCI/HNO,
3:1 mixture (aqua regia) and heated overnight at the solvent temperature reflux. Afterwards, the mixture
was cooled down to r.t. and treated portion-wise with 20 mL of distilled water before recovering the
suspended solid by filtration through a PTFE membrane. Similarly to the above, the solid MW-ox"" (2) was
then washed with distilled water and till complete neutrality of the filtering liquors. The oxidized solid was
finally dried under vacuum to constant weight and stored at room temperature on air.

Materials characterization and electrochemical analyses

Thermogravimetric analysis (TGA) was performed on an EXSTAR Thermo Gravimetric Analyzer Seiko
6200 in the 40-750 °C range (5 °C/min) under N, atmosphere (100 mL/min). Elemental analysis (EA) was
accomplished by means of a Thermo FlashEA 1112 Series CHNS analyzer. Fourier-transform infrared (FT-
IR) analyses were performed on a PerkinElmer Spectrum BX spectrophotometer in the 400-4,000 cm™ range
and with a resolution of 1 cm™. Nitrogen physisorption analyses were conducted on a Micromeritics ASAP
2020 instrument at 77 K after degassing the samples for 24 h at 120 °C. Specific surface area (SSA) was
calculated by the Brunauer-Emmet-Teller (BET) while pore size distribution was determined by Barrett-
Joyner-Halenda (BJH) method. Total pore volume was estimated at p/p, = 0.98 relative pressure. X-ray
photoelectron spectroscopy (XPS) was performed in an ultra-high vacuum system (10°/10"° mbar). The
chamber was equipped with non-monochromatized dual anode (Al and Mg) and a hemispherical electron/
ion energy analyzer. The operating power of the Al X-ray source was 120 W and photoelectrons were
collected normal to the sample surface, maintaining the analyzer angle in the range between analyzer axis
and X-ray source fixed at 54.5°. The spectra were elaborated using CasaXPS software and peaks were
deconvoluted using mixed Gaussian and Lorentzian functions. All spectra were calibrated on the basis of
the C1s sp” component fixed at 284.8 eV Samples for analyses were dispersed in ethanol upon sonication
and drop cast on a gold plate to avoid any C or O contamination from the analyses support. High resolution
transmission electron microscopy (TEM) was carried out on a Thermo-Fisher F200X G2 HR-TEM
(200 keV beam energy). Samples were deposited on holey-carbon supported copper grids (200 mesh) by
drop-casting CNT suspensions previously prepared upon sonication in isopropanol. Raman Spectra were
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recorded using the 660 nm wavelength of a diode laser source, a 900 groove/mm monochromator (Acton/
SpectraPro 2500i) and a N, cooled charge-coupled device (CCD) detector (Princeton Instruments). The
beam profile was cleaned by a spatial filter and Rayleigh scattering was suppressed using holographic super
notch filters. The spectral resolution was about 1 cm ™", The incident power was less than 1 mW and any
damage of the sample due to the laser was carefully checked and excluded. Samples for analysis (i.e., pristine
MWCNTs, 1 and 2) were prepared by gently pressing the fine powders into a flat thin film on glass
substrate, and each material was recorded randomly on three different positions. Raman spectroscopy was
employed to investigate a change in the structure during the oxidation treatments by detecting the presence
and strength of D and G modes"". The Raman spectra showed a D band at around 1,360 cm™, and a G band
at 1,590 cm™', which correspond to the presence of sp® defects and sp* carbon atoms in the hexagonal plane
of graphite-like structures, respectively. All recorded curves were baseline and fitted using Voigt line shapes,
and the D- and G-peak intensities were used for the calculation of I,/I; ratios after background
subtraction ).

Electrochemical measurements were performed by means of a rotating ring-disk electrode (RRDE) from
Pine Instrument Co. composed by a glassy carbon (GC) disk (A = 0.2376 cm®) and a Pt ring (A =
0.2357 cm®). All the measurements were carried out with a PGSTAT12 Autolab potentiostat/galvanostat in a
three-electrodes glass cell equipped with a Pt wire and a double junction Ag/AgCl/KCl,, electrode used as
counter and reference electrodes, respectively. The GC working electrode was prepared by drop-casting
3 mg (~10 pL) of the CNTs-based catalyst ink that was then allowed to dry at room temperature. The ink
was prepared as follows: 10 mg of CNTs, 0.22 g of water, 0.112 g of ethanol and 0.084 g of a Nafion solution
(5 wt% in lower aliphatic alcohols/water) and the mixture sonicated till obtaining a homogeneous ink (20-
30 min). All measurements were performed in a N, or O, saturated 0.1 M KOH solution (pH = 13) at 10
mV/s scan rate in the +0.1 = -0.9 V potential range. The Pt ring was held at +0.5 V.

H,O, selectivity was estimated either from Pt ring currents [Equation (1)] of the RRDE electrode and from
the average number of exchanged electrons (1) per O, molecule as obtained by Koutecky-Levich equation
[Equation (2)]:

In/N
H,0, (%) = 200 * szz/R/N (1)

where I, and I, are the ring and the disk current values, respectively, and N is the ring collection efficiency.
The latter parameter was determined experimentally using a standard K,Fe(CN), solution in KCI (N = 0.23).

1 1

T an;ﬁ with K;= 0.2FCoDo?3v/6 (2)
where ] is the current density (mA/cm?), J is the kinetic current density (mA/cm?), n is the number of
exchanged electrons, F is the Faraday constant, C, is the O, concentration in solution (1.15 x 10° mol/dm®),
D, is the oxygen diffusion coefficient (1.95 x 10®° cm?/s), v is the electrolyte kinematic viscosity
(0.008977 cm?/s) and f is the electrode angular rotation rate (rpm)®***. The average number of exchanged
electrons () was calculated from the slope of the K-L plot at -0.4 V.

RESULTS AND DISCUSSION

Synthesis of oxidized MW-ox*" (1) and MW-ox"" (2) samples

Two alternative, one-pot oxidation protocols have been applied to the preparation of oxidized MWCNTs
[Scheme 1].
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H,S0,4/HNO; 3:1
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Scheme 1. Synthesis of MW-ox"" (1) and MW-ox"" (2).

MW-ox"" (1) was prepared according to classical procedures from the literature aimed at maximizing the
generation of O-containing functionalities at the nanomaterial surface®*". In particular, highly C-pure
MWCNTs dispersed in a concentrated sulfuric and nitric acid mixture have been oxidized at ambient
temperature and pressure in a sonicator bath (37 kHz) for 24 h (see Experimental Section for details). This
approach has extensively been employed to maximize the loading of carboxylic acid groups at the outer
surface of CNTs, thus enhancing their hydrophilic character. If the latter feature is frequently invoked as a
key pre-requisite of carbon-based nanomaterial as electrocatalysts in water-based electrolytes, recent work
by our group has unveiled that carboxylic acid groups do not generate the ideal electronic
microenvironment to promote the 2¢” ORR efficiently™. Despite the authors’ awareness of the often batch-
dependent nature of CNT samples prepared through straightforward bottom-up oxidation methods - as
well as the limited control over the chemical composition and loading of oxygen-containing functional
groups in the oxidized nanomaterials - we compared these preliminary, mild oxidation conditions with
more severe ones. This comparison was made without overlooking the reproducibility of newly oxidized
batches and their ultimate electrocatalytic performance in the ORR. The aim was to select the most
appropriate batch conditions for a practical and easily scalable production of oxidized CNT samples
featuring an optimal balance between loading and chemical identity of surface O-containing groups thus
creating ideal surface microenvironments to boost the metal-free 2e” ORR selectively. To this aim a second
oxidized C-sample [MW-ox"" (2)] was prepared without the aid of ultrasounds (that are known to
maximize O-content)”” by refluxing overnight a CNT dispersion in aqua regia. A similar treatment of
CNTs has already been reported in the literature but at room temperature with the production of only
moderately wettable oxidized-CNTs samples™.

The two oxidized samples have been thoroughly characterized before being employed as electrocatalysts for
the 2e- ORR. From a morphological viewpoint, TEM images recorded from evaporative casting of alcoholic
suspensions of MW-0x"" (1) and MW-ox"" (2) do not show relevant difference [Supplementary Figure 1],
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except for a superior aggregation degree of C-flakes in MW-ox"" (2). This is in accord with the lower
oxidation degree measured in 2 (vide infra). Nitrogen physisorption analyses were carried out on the
MWCNT sample before and after both oxidation protocols. Samples SSA showed largely superimposable
BET profiles with only minor alterations of total pore volumes [p-MWCNTSs 183 m*/g and 0.94 cm’/g; MW-
ox"" (1) 203 m*/g and 0.95 cm*/g; MW-ox"" (2) 190 m*/g and 1.06 cm’/g]. All materials exhibit type IV
isotherms featured by small H2 hysteresis loops in the 0.8 + 1.0 p/p’ range typical of mesoporous networks
[Figure 1A and Supplementary Figure 2]"*. Pore size distribution analyses confirm the dominant
mesoporous nature of both the oxidized samples with only p-MWCNTs exhibiting larger macropores (inset
of Figure 1A and Supplementary Figure 2). In particular, MW-0x"" (1) and MW-ox"" (2) show prevalently
mesopores in the 20-50 nm range, while pristine MWCNTs are characterized by larger pores spanning from
mesopores (20-50 nm) till macropores (50-180 nm). The first evidence of MWCNT oxidation is provided
by FT-IR spectroscopy. As shown in Supplementary Figure 3, the intensity ratio between vibrational signals
in the 1,600-1,700 cm™ range - commonly ascribed to C=O stretching (v)®' - and those typical of CNTs
footprint in the 750-1,250 cm™ range™*” are appreciably higher in 1 and 2 with respect to their pristine
counterpart (MWCNTs). A similar trend is observed for the signals at ~3,400 cm™ associated with -OH
stretching modes; despite the largely qualitative character of this poorly distinctive IR region, the higher
relative intensity of the -OH band in 1 and 2 is coherent with the oxidation of the CNT surface.

Raman spectroscopy carried out on samples 1 and 2 reflects their different oxidation degree. As
Supplementary Figure 4 shows, both oxidized samples exhibit higher intensity ratios of D and G modes
(I/I;) compared with their pristine counterpart (MWCNTs). This evidence is classically invoked as a
distinctive feature of an increased materials surface defectivity as a consequence of the oxidation treatment
each sample underwent. In this regard, the higher I,/I; ratio measured for 1 is in line with its deeper
oxidation degree with respect to sample 2 (vide infra).

TGA, EA and high-resolution O 15 XPS spectroscopy have finally been employed to get more details on the
chemico-physical composition of 1 and 2. Comparative TGA profiles of pristine MWCNTSs along with those
of oxidized samples 1 and 2 are provided on Figure 1B. Both oxidized samples show distinctive weight losses
ascribed to the presence of thermally labile O-containing functionalities. This comparative analysis also
highlights the significant gap between the two oxidized samples in terms of surface loading of O-containing
functional groups as a consequence of the different oxidation protocols to get 1 and 2. Accordingly, 1
exhibits a markedly superior weight loss in the 40-750 °C thermal region compared to sample 2 thus
confirming the superior ability of sulfo-nitric acid mixture to deeply oxidize nanocarbon materials already
under mild (r.t.) temperature conditions””**. The different functionalization degrees of samples 1 and 2
have also been confirmed by EA and XPS analyses [Supplementary Table 1]. EAs clearly indicate a lower C-
content in MW-ox"" (1) with respect to MW-ox"" (2), thus indirectly pointing out the superior oxidation
degree of the former sample. On the same ground, XPS survey spectra [Supplementary Figure 5] show a
lower C/O signals ratio in 1 vs. 2. To investigate the nature of O-containing groups in the oxidized
materials, high resolution O 1s XPS signals were deconvoluted into three main components: 531.3 + 0.2,
532.3 + 0.2 and 533.1 + 0.2 eV ascribed to carbonyl, carboxylic acids and C-OH groups (from carboxylic
acids and phenols), respectively”*"*. As shown in Figure 1C and summarized in Supplementary Table 1,
MW-ox"" (1) presents a markedly high content of carboxylic groups (> 50%). On the other hand, the
oxidation treatment at higher temperature values with aqua regia gives rise to materials oxidized at a lower
extent but featuring a higher percentage of phenol-like moieties [Figure 1D and Supplementary Table 1]. A
minor O 1s XPS component at 534.7 eV in 1 is finally ascribed to adventitious water™ [Figure 1C], as a
consequence of the superior hydrophilic character of this highly oxidized sample.
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Figure 1. (A) N, adsorption-desorption isothermal curves conducted at 77 K for MW-ox"" (1) and MW-ox""" (2) along with their
corresponding pore size distribution (inset); (B) TGA conducted on MW-ox"" (1) and MW-ox""" (2) in comparison with their pristine
counterpart. Analyses conditions: from 40 to 750 °C (5 °C/min) in N, atmosphere (100 mL/min); (C) High-resolution O 1s XPS signal
of MW-ox"" (1) and (D) MW-ox"" (2) along with their fitting deconvolution. TGA: Thermogravimetric analysis; XPS: X-ray
photoelectron spectroscopy.

Electrocatalytic study of 1 and 2 in the 2e ORR

MW-o0x™" (1) and MW-ox"" (2) have been tested as electrocatalysts for the selective 2e° ORR to hydrogen
peroxide. To this aim, all powdery C-based samples were dispersed upon sonication in a water/alcohol/
Nafion® solution before being drop cast on a GC disk of the RRDE and left to evaporate at ambient
conditions to get ultra-thin C-coatings (working electrode, see Experimental part for details).
Electrochemical measurements were then carried out in an O,-saturated alkaline solution using a three
electrodes cell including - other than the working electrode - a Pt wire and an Ag/AgCl/KCl,, as counter
and reference electrodes, respectively.

Qualitative evidence of the materials activity in ORR has first been achieved from cyclic voltametric tests. As
shown in Supplementary Figure 6 and Figure 2A, both samples exhibit a well-defined reduction peak under
O,-saturated conditions not observed in N,-saturated environments. Linear sweep voltammograms (LSV)
have finally been acquired in the +0.1 + -0.9 V range at an electrode spin rate of 900 rpm to get further
details on the ORR activity of oxidized samples 1 and 2 along with that of their pristine counterpart
(MWCNTs). Background currents measured under saturated N, conditions were then subtracted from each
curve to eliminate the capacitive contributions. As shown in Figure 2B(i), both oxidized materials display
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Figure 2. (A) CV acquired in N, and O, saturated KOH 0.1 M solution for MW-ox"" (2) at 10 mV/s in the +0.1 = -0.9 V vs.
Ag/AgCl/KCl,,, potential range; [B(i)] LSV curves acquired for p-MWCNTs, MW-0x*" (1) and MW-ox"" (2) in O,-saturated KOH 0.1M
solution at 900 rpm at the GC disk electrode and [B(ii)] correspondent curves registered at the Pt-ring electrode; (C) K-L plot of MW-
ox® (1) and MW-ox"" (2) extrapolated from respective LSV curves at -0.4 V. CV: Cyclic voltammograms; LSV: linear sweep
voltammograms; MWCNTs: multi-walled carbon nanotubes; GC: glassy carbon.

positive onset overpotential shifts compared with pristine MWCNTs. In particular, MW-ox"" (2) shows an
onset value of -0.14 V vs. Ag/AgCl/KCl,, [Table 1], with a remarkable overpotential shift of about +160 mV
with respect to pristine MWCNTs.

In addition to a markedly low onset potential value, MW-ox"" (2) exhibits a pretty high Pt-ring current
density [Figure 2B(ii)] directly related to the amount of hydrogen peroxide produced. As a matter of fact, a
2e dioxygen reduction pathway with a selectivity up to 85% [Table 1 and Supplementary Figure 7A] is
observed with this oxidized material at work. In spite of an equally high selectivity of 1 towards H,O,, the
markedly lower current density and the worse onset potential value (-0.20 V) of this electrocatalyst, make it
a less attractive material for the selective 2e- ORR [Table 1]. The Koutecky-Levich equation has finally been
applied to measure the average number of electrons transferred per O, molecule (1) with the two
electrocatalysts at comparison. To this end, LSV curves of each sample have been recorded at different
electrode spin rates (from 300 to 2,500 rpm, Supplementary Figure 8) and the corresponding K-L plots have
traced out [Figure 2C]. Apart from the limits of analytical methods applied to the quantification of H,0,",
K-L plots have confirmed the ability of both oxidized samples to foster a prevalent 2e transfer process,
typical of a chemoselective O, reduction path to hydrogen peroxide [Table 1 and Supplementary Figure 7B].
As mentioned above, MW-ox"" (2) also presents a net superior current density with respect to MW-0x"" (1)
counterpart as confirmed by the higher half-wave potential value of the former [Figure 2B(i) and Table 1].
As a consequence, the H,O, mass activity expressed as mA per mg.,, is more than doubled in 2 vs. 1 and/or
their pristine counterpart MWCNTSs [Table 1]. Tafel analysis further confirms the superior catalytic activity
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Table 1. Onset and half-wave potential values, H,0,%, average number of exchanged electrons (n) per O, molecule and mass activity
measured for p-MWCNTs, MW-ox"" (1) and MW-ox"" (2)

Sample Eoy (V)° E,, (V) H,0, (%)° S Mass activity (mA/mg_,,)*
p-MWCNTs -0.30 -0.39 50 - 3.21
MW-ox"" (1) -0.20 -0.38 87 2.03 2.93
MW-ox""T (2) -0.14 -0.25 85 2.00 7.25

“Potential values vs.Ag/AgCl/KCl_,; bHZOZ% as calculated from the measured Pt-ring current of the RRDE at -0.4 V; “average number of
electrons exchanged per O, molecule as calculated from the K-L equation at -0.4 V; dmass activity as calculated from the ring curves of
Figure 2B(ii) at -0.4 V. MWCNTs: Multi-walled carbon nanotubes; RRDE: rotating ring-disk electrode.

of MW-ox"" (2). As illustrated in Supplementary Figure 9, 2 exhibits a significantly lower Tafel slope of
43 mV/dec, approximately half of the value registered for 1. Noteworthy, MW-ox"" (2) ranks among the
best performing O-doped carbon-based materials reported so far for the process
[Supplementary Table 2]>%*%+°],

Close selectivity values of the two oxidized samples led us to conclude that whatever the electrocatalyst at
work (1 or 2), after dioxygen adsorption [Equation (3)] and the first proton-coupled electron transfer
[Equation (4)], both materials bind the key intermediate HOO" weakly enough to allow its fast desorption
[Equation (5), right-hand side] before O-O dissociation path [Equation (5), left-hand side and Equation (6)]
takes place (competitive 4e ORR).

0;(8) +* - 0y (3)

0}, + H,0(I) + e~ - HOO" + OH~ (4)

OH™ +0° « [HOO" + ™| » HOO™ + = (2e” path) (5)
0" + H,0(1) + 2e™ —» 20H™ + * (4e™ path) (6)

On the other hand, the superior mass-activity with 2 is basically attributed to unique surface chemico-
physical properties of the sample, as the result of an unconventional and high-temperature oxidation
treatment of MWCNTSs with aqua regia. The lower oxidation degree (i.e., the reduced loading of O-
containing functional groups), combined with the variable chemical composition of surface groups (i.e.,
phenolic vs. carboxylic groups), is supposed to generate an ideal and highly reproducible surface
microenvironment for the efficient and low-overpotential activation/reduction of dioxygen.

Lastly, the net improvement of 2e° ORR performance (activity and selectivity) measured in the sequence
pristine MWCNTSs vs. 1 vs. 2 [Table 1] demonstrate the key role of selected O-containing functionalities
(i.e., phenol groups vs. carboxylic acids) on the electroreduction path, rather than the material oxidation
degree. Neither a too high oxidation degree of the nanomaterial nor the presence of a relatively higher
concentration of carboxylic acid at its outer surface [i.e., sulfo-nitric vs. chloro-nitric (aqua regia) oxidation
method], seem to really control the 2e” activation/reduction of dioxygen.

CONCLUSIONS

Two oxidized MWCNTs materials have been straightforwardly prepared using easily scalable and highly
reproducible synthetic protocols. MW-ox"" (1) and MW-ox"" (2) isolated from the purification of MWCNT
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suspensions in sulfo-nitric or chloro-nitric (aqua regia) mixtures, respectively, have been characterized with
respect to their morphological and chemical composition before being tested as metal-free electrocatalysts
for the challenging 2e” ORR process. The sample prepared by the aqua regia oxidation method [MW-ox""
(2)] has shown a minor surface oxidation degree and a higher enrichment in phenolic moieties. As a result,
ORR starts on 2 already at -0.14 V vs. Ag/AgCl/KCl
half-wave potential value compared to the overoxidized and carboxylic acids enriched MW-o0x"" (1)

« and its current density profile (J) exhibits a superior
material. On the other hand, both oxidized samples show an almost complete selectivity towards the 2¢°
ORR, indicating an equally fast desorption of the key HOO' reduction intermediate before undergoing the
undesired O-O bond breaking (4e” reduction path). The net improvement of 2e- ORR performance (activity
and selectivity) measured in the sequence pristine MWCNTSs vs. 1 vs. 2, is used to validate the role of
selected O-containing functionalities in the electroreduction path (i.e., phenol groups vs. carboxylic acids),
rather than that of material oxidation degree. Neither a too high oxidation degree of the nanomaterial nor
the presence of a relatively higher concentration of carboxylic acids in MWCNTs [i.e., sulfo-nitric vs.

chloro-nitric (aqua regia) oxidation method], can be claimed to control the 2¢ activation/reduction of
dioxygen.

Guided by our results on 2t ORR promoted by tailored O-decorated carbon nanomaterials®”, a facile,
scalable and highly reproducible one-pot protocol has now been developed to generate moderately oxidized
MWCNTs containing relatively high concentrations of surface phenolic groups. The latter have confirmed
their key role in fostering the selective and efficient 2e” reduction of dioxygen already under low
overpotential values.
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