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Abstract

The introduction of oxygen moieties on a carbon-based material to enhance the electrode material
activity for the oxygen reduction reaction (ORR) is a most unexplored experimental approach due to
the risk of reducing the electron-transport ability of the electrode material. Herein, it is shown that
carbon nanomaterials generated electrochemically from graphite can simultaneously show an
anomalous high content of oxygen functionalities and a high heterogeneous electron transfer rate.
This study was demonstrated with a set of four samples, prepared at different galvanostatic
conditions. All the samples display a non-ordered carbon network dominated by aromatic rings, a
O/C ratio greater than 0.4, but different amounts of various oxygen-containing functionalities. The
electron-transport properties of the obtained films were appraised by cyclic voltammetry and
electrochemical impedance spectroscopy.

The application of these metal-free electrode materials to the ORR in the alkaline medium has
shown a direct correlation between the materials catalytic activity (potential onset, kinetic current
and number of electrons transferred) and the C=0 amount, whereas a negative correlation was
found for C-0. Their excellent ability for the H,0, reduction was also demonstrated. This work opens

a new perspective on the use of highly oxidized carbon nanomaterials in electrocatalysis.
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nanostructures.

1. Introduction

180 years have passed since William Groove conceived the first fuel cell. However, the widespread
commercial use of this energy converter device is still constrained by the sluggish kinetics of the
oxygen reduction reaction (ORR). This explains the significant efforts that have been devoted to
finding new ORR catalysts [1,2]. These catalysts can be classified into three categories: noble metal
(e.g. Pt and Pd alloys), non-noble metal (e.g. Fe-N-C materials, metal chalcogenides), and metal-free.
Special attention has been given to carbon nanomaterials, as metal-free catalysts, due to their long-
term stability, good conductivity, easy handling, environmental friendliness and low-cost production
[2-4]. However, their electrocatalytic activity and efficiency to convert oxygen in water can be very
low, leading mainly to the formation of hydrogen peroxide instead of water, as evidenced by the
data attained on traditional carbon electrodes (graphite and glassy carbon), active carbon (Vulcan
XC-72) and carbon-based materials derived from biomass sources [5—-8]. Several strategies have
been proposed to modify the carbon-based material in order to circumvent this constraint. The main
approaches rely on the incorporation of a foreign atom on the carbon material, generally called
heteroatom-doping. Currently, this designation includes the substitution of sp*hybridized carbon
atoms in the graphene lattice by the heteroatom and/or the functionalization of carbon-based
material by covalently-bonded groups containing the heteroatom. These groups can have electron-
donating or electron-withdrawing properties, leading to the breakdown of the charge-neutral sp’
carbon lattice and formation of charged sites which may facilitate the oxygen adsorption.

Substantial advancements have been achieved by doping the carbon network with nitrogen (by
carbon substitution or functionalization), as witnessed by the extensive reviews found in the
literature [3,9-11]. But, apart from nitrogen-doping, no significant progress has been attained by

doping with other heteroatoms. The introduction of oxygen-containing moieties on the carbon



structure, as an alternative to nitrogen doping, could be a pathway for tailoring the electrocatalytic
activity of carbon-based materials towards the oxygen reduction reaction. This strategy was recently
applied to carbon fibers [12], carbon nanotubes (CNTs) [13], carbon foams [14] and graphene oxide-
CNT hybrid materials [15], where O/C ratio up to 0.1 - 0.2 were achieved. Although it is theoretically
predicted that oxygen-containing groups can promote the ORR via a 4-electron pathway [15,16],
oxygen-enriched carbon materials are usually not very attractive for the ORR because the
incorporation of oxygen in the carbon network is extremely challenging, due to the risk of breaking
the conjugated structure, reducing the electron-transport ability.

Encouraged by our recent findings [17,18] that an oxygen-enriched hydrophilic carbon nanomaterial
is released from a graphite electrode in the early stages of the anodic polarization, this work aims to
investigate the electron-transport ability of high-oxygen content materials generated
electrochemically at different stages of the galvanostatic polarization (1, 9 and 18 hours), and their
electrocatalytic activity towards the ORR in an alkaline medium. It is important to clarify that
although the present study may contribute to the future research of the overall mechanism
responsible for the hydrophilic carbon-based material formation, this work is focused in another
direction, the exploration of the electrochemical properties of highly oxidized metal-free materials.
The electron-transfer ability of the prepared materials was evaluated by electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) in redox probe solutions and their physical and
chemical properties were compared by Raman, X-ray photoelectron spectroscopy (XPS) and atomic

force microscopy techniques (AFM).

2. Experimental Section

2.1 Carbon nanomaterials preparation

Carbon nanomaterials were prepared by a galvanostatic polarization using a two-electrode cell with
separated compartments containing graphite rods (99.997 %, Goodfellow) as anode and cathode
and a phosphate buffer electrolyte (0.030 M, pH = 7.0). Four different sets of nanomaterials were

prepared, which differed on the time and/or on the applied current used in the galvanostatic



polarization, Table 1. Keeping the acronym that was previously used to name the hydrophilic carbon
nanomaterial that was produced (EHC - Electrogenerated Hydrophilic Carbon) [19], the prepared
materials were labeled as EHCz, where z represents the duration of the galvanostatic experiment
(e.g. EHC1, for 1-hour electrolysis). To distinguish the EHC material prepared with the same
electrolysis duration but different applied currents, a letter was also used (e.g. EHC18a and EHC18b
were generated at 0.06 and 0.03 mA cm? respectively). Note that EHC9 and EHC18b were
electrochemically generated under the same galvanostatic charge (1.94 x 10° C). The electrochemical
assays were performed under an air atmosphere. The solutions containing the EHC nanomaterials
were removed from the anodic compartment and dialyzed with a 3.5-5 kDa molecular weight cut-off
membrane. The electrochemical generation of the carbon-based nanomaterials was performed

using an Autolab PGSTAT 100 Potentiostat.

Experimental Conditions
EHC
Current (mA) Time (h) Charge (C) x10°
EHC1 60 1 0.22
EHC9 60 9 1.94
EHC18a 60 18 3.89
EHC18b 30 18 1.94

Table 1. Galvanostatic conditions for the electrochemical generation of EHC nanomaterials.

2.2 Physicochemical characterization

The carbon content of the EHC solutions was determined by Total Organic Carbon (TOC) analysis
using a Formacs HT Skalar carbon analyzer. XPS analysis was performed using an XSAMS800
spectrometer from KRATOS. Sample preparation and spectrometer operating conditions were
described elsewhere [19]. Spectra were acquired using the software Vision 2 for Windows, Version

2.2.9 (KRATOS). Experimental Binding Energies (BE) were corrected using the charge shifts obtained



from the simultaneous fitting of C 1s regions. This simultaneous fitting was performed with the
Solver add-in program of Microsoft Excel. Peak heights, positions, Full Width at Half Maximum
(FWHM) and Gaussian-Lorentzian fractions of pseudo-Voigt profiles were fitted. The particular data
treatment of C 1s is described below. The sensitivity factors, used for quantification purposes, were
the following: 0.318 for C 1s; 0.736 for O 1s; 0.505 for N 1s; 0.964 for Cl 2p; 1.378 for Na 1s, 1.95 for
Ca 2p and 0.53 for P 2p. Atomic Force Microscopy (AFM) images were recorded in a Veeco
Metrology Multimode 8 HR (Bruker) coupled to Nanoscope V, using Peak Force Tapping (PFT-AFM).
The images were acquired at a scan rate of ca. 1.0 Hz, in ambient conditions (ca. 21 2C), using a
ScanAsyst-Air probe (Bruker) with a spring constant of 0.44 N/m. The samples were prepared by
placing a drop of solution (~ 20 pL) onto Highly Oriented Pyrolytic Graphite substrates (HOPG),
waiting for ca. 2h, rinsing with water and drying with nitrogen.

The micro-Raman analysis was conducted in the backscattering configuration on an HR800
instrument (Horiba Jobin Yvon, Japan), using a 600 lines/mm grating and the 441.6 nm laser line
from a HeCd laser (Kimmon IK Series, Japan). Further details were previously described [20]. For this
analysis 5 pL of the EHC solution was deposited onto a quartz slide and dried. The procedure was
repeated four times, resulting in a total volume of 20 uL. The obtained spectra were treated
according with the following steps: 1) background removal based on spectra taken from the
substrate region aside from the carbon material; 2) definition of the most relevant contributions to
the overall spectrum structure; 3) fitting procedure with the Raman native software (Labspec) using

Gauss-Lorentzian functions for each band.

2.3 Electrochemical characterization

The EHC nanomaterials were cast onto a glassy carbon electrode (GCE, 3 mm in diameter). In order
to appraise the reproducibility of the electrode preparation, all the electrochemical measurements
were carried out with triplicate electrodes. Good reproducibility was found. Prior to the GCE
modification, its surface was polished to a mirror finishing using 0.3 um alumina powder. The

electrochemical cell was assembled with the modified glassy carbon working electrode, an Ag/AgCl



(KClI 3 M) reference electrode and a Pt mesh. Deaeration was achieved by bubbling high purity
nitrogen through the electrolyte for 20 min. The gas was maintained over the top of the solution
during the electrochemical experiments. All the electrochemical measurements were acquired in the
Gamry Instruments Interface 1000E Potentiostat equipped with an FRA module, using the Gamry
Framework software for data acquisition.

-3/4-

Redox probe concentrations (Fe(CN)¢** and Ru(NHs)s>*) were 1.0 mM. The supporting electrolyte

was 0.1 M KCl. Comparison of the electron-transfer ability of EHC nanomaterials in Fe(CN)6'3/4'
solution was carried out with two different sets of modified GCE: one containing a carbon loading of
5 ug cm™2 (using EHC1 and EHC9) and another containing a carbon loading of 20 pg cm™ (using EHC9,
18a, and 18b). The electron-transfer ability of EHC nanomaterials in Ru(NHs)s>* solution was
appraised on GCEs cast with 5 pL of the EHC solution.

* solution.

The electrochemical impedance spectroscopy (EIS) was carried out in the Fe(CN)s™
Impedance spectra were recorded at a fixed potential (formal potential) within a frequency range
from 100 kHz to 100 MHz with a perturbation amplitude of 15 mV. The impedance diagrams were
interpreted with ZView software (Scribner, Inc.).

For the ORR experiments, a 0.1 M NaOH solution saturated with high purity O, was used and a
gentle oxygen flow was maintained above the cell solution during the electrochemical
measurements. A rotating disk electrode connected to a Pine electrode rotator with a Radiometer
speed control unit from Autolab was employed. Preliminary tests were undertaken with different
carbon loadings in order to choose the appropriate carbon loading for each EHC material (Fig. S1).
The linear sweep voltammetry (LSV) was performed from the open circuit potential (OCP) value to -
1.2 V (vs. Ag/AgCl; -0.24 V vs RHE) at the scan rate of 20 mVs™' and the RDE measurements were
conducted at rotating speeds ranging from 400 to 2100 rpm with the same scan rate. The LSV curves
for ORR were plotted as j—E where j is the current density normalized to the geometric area of the
rotating disk electrode (0.071 cm?). All potentials are given with respect to the reversible hydrogen

reference electrode (RHE). The kinetic limiting current density was determined by applying the

Koutecky-Levich (KL) equation



1/j=1jc+ 1/ji= 1/ Bw™+ 1/jk (1)

where, j¢ and j, are the kinetic limiting current density and diffusion-limiting current density,
respectively, w is the angular velocity and B is the Levich constant (B = 0.62nC02Fu"1/5D022/3). Herein, n
is the number of electrons involved in the ORR and F is the Faraday constant (96485 C mol™), Co, and
Do, are the concentration and the diffusion coefficient of O, (1.2 x 10®° molcm®and 1.9 x 10° cmzs"l,
respectively), and vis the kinematic viscosity of the electrolyte (0.01 cm?®s™) [21]. Despite limitations
of KL equation to extract electrokinetic and mechanistic information have been pointed recently
[22,23], it provides the first approach to assess the relative catalytic activity of different carbon-
based catalysts.

The electrochemical reduction of H,0, was carried out in an O,-free solution containing 0.85 mM
H,0,, in 0.1 M NaOH solution. The LSV and CV were recorded on an Autolab PGSTAT 100

Potentiostat. All the electrochemical measurements were carried at room temperature (= 23 2C).

3. Results and Discussion

3.1 Physicochemical characterization

During the galvanostatic polarization of graphite electrodes the colorless solution becomes
progressively grey in the anodic compartment. From approximately 9 hours of electrode
polarization, a sludge-like residue at the bottom of the anodic compartment is detected. When the
EHC sample is removed from the cell this residue is discarded, and only the supernatant solution
containing the highly hydrophilic material is used and submitted to dialysis. Dialysed solutions are
extremely stable, as no deposit is observed over several months. The carbon content of EHC1, EHC9,
EHC18a, and EHC18b solutions (not dialysed) was found to be 18, 267, 63 and 176 mg/L,
respectively. The significant decrease observed upon 18 h of electrode polarization is a consequence
of the sludge-like residue formation (and rejection). It is suggestive of the aggregation of the
hydrophilic nanomaterial when it is submitted to a long electrode polarization essay. This data also
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suggests the less efficiency of the electrochemical generation of hydrophilic carbon material at an
applied current of 0.03 A compared to 0.06 A, even under the same anodic charge.

The AFM images of the EHC solutions cast on HOPG substrates (Fig. 1) show that EHC nanomaterials
generated by long electrode polarization form an irregular surface with a porous and nanogranular
structure. This result contrasts with the topographic morphology found on EHC1, where the building
blocks seem to aggregate in a 2D nanostructure layer formed by rounded grains with similar size.
Accordingly, the surface roughness, illustrated by Rq (Root Mean Square roughness) values is
approximately ten times higher on EHC9 and EHC18b, than on EHC1. Further insight into the
nanogranular material was obtained by diluting the EHC18b solution with water. It was found that
the nanogranular material is formed by agglomerates dispersed over the substrate, with 2 to 10 nm

in height.

EHC18a EHC18b

EHC9

80n

Ry=14£3 nm S Ry=4+1nm

EHC1

Fig. 1. — 3D AFM images of the different EHC nanomaterials. The bottom right-hand figure includes
the 2D AFM image and the height profile of a diluted sample (EHC18b).

The Raman spectra of the four EHC samples (Fig. 2) show the characteristic D band at 1360 cm™
and G band at 21590 cm™, typical of carbon sp” hybridization. The D band is attributed to the radial

breathing modes of 6-fold aromatic rings which only become active in the presence of structural
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defects whereas the G band is assigned to the first-order scattering of the E,, vibration mode from
the sp® carbon domains. For a good fitting of the spectra in the first-order region (= 1100 - 1700 cm’
1), two other bands were considered. One of them, the D’ band, appears as the right shoulder of the
G band and is a disorder-induced feature. The other one, centered at = 1540 cm™ (called a-C band)
was already mentioned in previously published studies on EHC nanomaterials [20], having been

associated with amorphous carbon [24,25].

a-C G
D D’ D+D” 2D D+D’ 2D’
3
= A EHC1
>
=]
c
g EHC9
£
EHC18a
EHC18b
I | I — | -
1500 2000 2500 3000

Raman shift / cm?

Fig. 2 - Raman spectra of the EHC nanomaterials and the corresponding bands.

The intensity ratios (/,.c/Is) point for a similar contribution from 1540 cm™ band on both EHC1 and
EHC9 materials, as well as on both EHC18a and EHC18b, Table 2. In general, these results reveal that
very long electrode polarization periods (18 hours) generate EHC materials with a much higher
amorphous degree than shorter polarization stages. However, the second-order region (= 2300 -
3300 cm™) also holds important information. Although some contributions are indistinctive in this
region (ex.: D + D”, where D” appears at = 1150 cm™ from a double resonance process), it is
noticeable that the 2D band contribution at = 2740 cm™ (overtone of the D band) is more
pronounced in EHC9 and EHC18b than in the other samples, disclosing a higher-order degree.
Amorphous carbon does not clearly exhibit this feature, while it is prominent in highly ordered

graphite and graphene. All considered this might mean that EHC9 and EHC18b are composed of
10



amorphous carbon-based material and traces of a higher crystalline degree material. This hypothesis

is particularly evident in EHC9, where 4/, ratio is minimum, revealing a lesser defective structure.

D Peak G Peak a-C Peak
Peak Peak Peak
EHC .. Intensity | FWHM .. Intensity | FWHM ... Intensity  FWHM || /1 | 1 /I
Position (a.u.) (cm™) Position TR e —— Position (@u) | (em?) p''G| ac G
(em™) e (cm™) o (em™) e
EHC1 1364 597 101 1594 471 48 1542 147 136 |1.27| 0.31

EHC9 1367 1145 103 1573 1258 34 1539 339 163 |0.91| 0.27

EHC18a| 1366 1479 128 1590 1172 55 1552 685 166 |1.26| 0.58

EHC18b | 1367 1281 124 1573 906 35 1554 562 164 |1.41| 0.62

Table 2. Peaks position, intensity and FWHM of D-, G- and a-C bands, as well as the Ip/lg and 1,¢/lg
ratio.

The different carbonaceous species existing in the EHC nanomaterials were also studied by XPS. Fig.
3 shows the XPS C 1s regions of all the samples fitted simultaneously with six peaks in the same
positions for the different samples having, in each region, equal FWHM and equal
Gaussian/Lorentzian %. No constraints were imposed on peak areas. The simultaneous fitting
performed with the Microsoft Excel Solver tool led to peaks centred at 285.0 + 0.1 eV, 286.1 £ 0.1
eV, 287.1+0.1eV, 288.4+0.1eV, 289.4 £ 0.1 eV and 290.9 + 0.1 eV. The fractions and assighnments
of each peak are shown in Table 3.

The peak at 285 eV can include not only C-H and C-C aliphatic carbon atoms, but also aromatic
carbons in agreement with Raman results, which are typical, 0.3 eV to 0.6 eV below the 285 eV peak.

The peak centered at 290.9 eV is typical of organic carbonate groups (-O-(€C0O)-0O-), although around
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this BE one can also find the energy loss region of t-rt* electronic excitations in aromatic systems.

C1s sp? and sp?
C-0
] o5
10000 c.p.s. 0-¢=0
| cooH l |
qq olero-ormnt l o EHC18b
k5 VT PN
z Pl A
z Y
£ A R N o
< P 2 AN EHC1Sa
L A EHC9
] T e/ﬁ;,vﬁx
s NG EHC1
21 N (= B (1 e A i = 4 = S —
295 290 285 280

Binding Energy (eV)

Fig. 3 - C 1s XPS regions. Dashed lines are the positions of the fitted peaks. For detailed assignment
see text. The carbon atoms of interest for each BE are highlighted in bold, italic and underlined. C1s
regions are shifted on y-axis for clarity sake.

Actually, all the peaks characteristic of oxidized carbons are at a BE that correspond to functional
groups included or nearby aromatic carbon structures: for example, carbon atoms singly-bound to
oxygen (C-0) like in an ether group (C-O-C) or an alcohol (C-OH) in an aliphatic neighborhood is
centered at ~286.7 eV, but in the vicinity of benzene rings it shifts to lower BE (detected at 286.1
eV); the same for the peak centered at 287.1 eV, assigned to carbon doubly bound to oxygen (C=0),
like in a carbonyl group binding two aromatic rings; the peak fitted at 288.4 eV is most probably

from an ester group (O-(€CO)-) bound to an aromatic chain; the peak at 289.4 eV is typical of

12



carboxylic groups (-COOH). Table 3 includes all the carbonaceous species found at these BE [26] and
the atomic ratio O/C computed through the O 1s and C 1s peak areas. It is shown that EHC materials
display indeed an anomalous high O/C ratio, much higher than the commonly oxygen-enriched
carbon materials [13,27]. Likely representations of aromatic structures that fit such a high O/C ratio
must require the absence of aromatic hydrogen, which has been confirmed by RMN. It is underway
advanced spectroscopic characterization of these materials and computational simulation

approaches to better elucidate their structure.

Atomic Concentrations (%)
BE (eV) Assignments
EHC1 EHC9 EHC18a EHC18b
285.0+0.1 55.7 51.1 44.7 55.5 C-H, C-Csp” and sp’
C-0-X (X: C, C=0, H)
C-N
286.1+0.1 18.2 15.2 22.2 14.7 =
86 0 8 > (N is detected in very
low relative amounts)
0
287.1+0.1 7.9 15.5 14.7 15.8 = { A
C1s Q o] and/or g_g
288.4+0.1 16.6 9.5 7.7 8.0 XO-C=0 (X: Cor H)
289.4 +0.1 0.0 5.3 7.4 4.5 -COOH and/or €O5*
290.9 +0.1 1.6 3.4 3.3 1.5 -0-(€0)-0- and/or r-r*
0.42 + 0.45 + 0.59+
+
o/cC 0.04 0.05 0.06 0.42+£0.04
0.30- 0.35- 0.41- See Supporting
o(C C N
(Coxl/ 0.61 0.69 0.78 0.32-0.62 Information for details

Table 3 — Carbonaceous species: fractions of C 1s fitted peaks (at% /(Crora. at%) x 100) and
assignments; Atomic ratios: O(Cgy)/C computed from peaks fitted in C 1s assuming minimum and

maximum O/C stoichiometries; O/C computed from O 1s and C 1s total areas.

Since the O 1s peak may also include the contribution from inorganic compounds (see Table $1-S3),
which may lead to an overestimated O/C ratio, the ratio oxygen/carbon was also estimated taking
into account the areas of the peaks fitted to the C 1s region (O(C,)/C), Table 3. The range of values
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obtained confirms that the anomalous high ratios of O/C are actually due to a significant content of
oxygen-carbon containing functionalities. Moreover, it confirms that O/C ratio tends to increase with
the duration of the galvanostatic polarization. Quantification of the oxygen-containing functionalities
shows how these evolve during the 18 hours of the electrode polarization, Fig.4. The oxygen-
containing groups are predominantly in the form of hydroxyl (or ether) and carboxyl on the short-
termed electrogenerated materials, and in the form of hydroxyl and carbonyl (or epoxy) on those
generated by a long-termed polarization. At this point, we do not have a clear explanation for this
carbonaceous profile. It is important to remark that EHC samples generated under the same anodic

charge (EHC9 and EHC18b) possess approximately the same carbonaceous composition.

25
1h Sh 18 h 18 h

v

Time in the galvanosatic electrolysis
20

15

at. %

10

RN o HNAEN NRACH NERRS

EHC1 EHC9 EHC18a EHC18b

B C-0 mC=0, epoxide 0-C=0 COOH mO-(CO)O

Fig. 4 — Quantification of the oxygen-functionalities on the EHC samples prepared at a different time
(EHC 1, EHC9, EHC18a) and at different applied current in the galvanostatic electrolysis (EHC18b).

3.2 Electron-transfer properties

The heterogeneous electron transfer ability of EHC materials was first assessed by cyclic
voltammetry in a solution containing ruthenium (Ill) hexamine. This redox probe is recognized as an
exemplar outer-sphere redox couple, insensitive to surface functional group chemistry, but sensitive

to the electronic properties of the electrode material.
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Fig. 5a and 5b show the voltammograms of 0.1 M Ru(NHs)¢*" solution at two different scan rates, 20
and 100 mV s, respectively. Unexpectedly, the voltammograms recorded on EHC9, EHC18a, and
EHC18b materials present a second couple of peaks (A and A’), in addition to the traditional single
couple (B and B’). It is important to highlight that no peaks were detected in a Ru(NH,)s>" free
solution, which means that none of these peaks can be ascribed to functional groups of the carbon
material (Fig. S2). At 20 mV s, the rather small value of A/A" peak-to-peak potential separation
(AEp=16 mV) and the current dependence on the scan rate (Fig. 5¢c) points out for the adsorption of
the positively charged redox probe on the EHC surface. However, the enhancement of AEp with the
scan rate (AEp of 22, 44 and 82 mV at 50, 100 and 200 mV s, respectively), strongly indicates that
diffusion of the ruthenium hexamine is limited on the timescale of the voltammetric experiments.
This behavior is typical of the mass transport regime found on thin-layer cells and on electrodes with
a porous layer [28-30]. Accordingly, we ascribe peaks A/A’ to the ruthenium hexamine species that
are trapped within the pores of the EHC layer, being unable to react under semi-infinite diffusion
conditions as it would be expected for a flat electrode. These results support the different surface
morphologies revealed by AFM, pointing out the higher porosity of EHC9 and EHC18b electrode
materials, followed by EHC18a and finally by EHC1. In contrast, peaks B/B’are attributed to a
reversible one-electron redox reaction under semi-infinite diffusion conditions, as evidenced by the
peak-to-peak separation depicted for B/B’ (70-76 mV) and the linear dependence of the current
intensity with the square root of the scan rate (only discernible for EHC1 and EHC18a), Fig. 5d.

Although possible differences in the electronic properties of EHC materials must be reflected on the
electron transfer kinetics associated with peak B/B’, an effective comparison of the electron transfer
kinetics assessed by the peak to peak separation must be done with caution when the electrode
materials present a porous layer. Accordingly, several authors have shown that porosity effects can
lead to a decrease in the peak-to-peak separation, misleading what the real electrode material
kinetics is [30—-32]. For EHC1 and 18a, it was found a peak-to-peak separation of 70 and 76 mV,
consistent with an apparent heterogeneous rate constant (Koapp) of 2.27x10% cm s and 1.37x10” cm
s, respectively, predicted by Nicholson equation [33]. These values are comparable to bare GCE

15



(KOapp of 2.27x10 cm s™), which is indicative that the electronic properties of the high oxygen

content of EHC materials and glassy carbon are very similar.
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Fig. 5 - a) Cyclic voltammograms of glassy carbon and glassy carbon modified electrodes in 1 mM
Ru(NHs)eCl; + 0.1 M KCl solution at v=20 mV s and b) v=100 mV s™. c) Corresponding plots of the
current intensity peaks as a function of the scan rate (just for peak A), and d) as a function of the
square root of the scan rate (just for peak B).

The electron transfer properties of the EHC electrodes were subsequently probed using another
benchmark redox probe, Fe(CN)¢*”*. Ferrocyanide is known to be an inner-sphere redox probe,
which means that it is not only sensitive to the electronic properties of the electrode material but is
also highly sensitive to the surface chemistry, particularly to oxygen functional groups moieties.

In order to appraise possible carbon loadings effects, this study was undertaken with two different
carbon loadings: 5 pg cm™ (includes EHC1 and EHC18), and 20 pg cm™ (comprises EHCY, 18a, and
18b). Fig. 6 shows the cyclic voltammetric response of EHC modified electrodes and bare GCE in a 0.1
M Fe(CN)s>"* solution containing 0.1 M KCI background electrolyte. In this case, only one pair of

3-/4-

peaks is present, pointing out that Fe(CN)s™"™ is not sensitive to the porosity of the electrode



surface. A possible reason for this behavior is probably the electrostatic repulsion "by the negative
surface charge of EHC materials, leading to the non-penetration of the electrolyte inside the EHC
pores. Taking into account this assumption, the apparent heterogeneous electron-transfer rate
constants, k’%,,, were calculated using the Nicholson equation. The results (Table 4) show that the
heterogeneous electron transfer rates are of the same order of magnitude, but the electron kinetics
of Fe(CN)63'/4' on EHC1 and EHC18a electrode is a little more sluggish than on GCE. Despite the O/C
ratio on EHC1 is lower than on EHC18a, the heterogeneous electron transfer rate of EHC18a is higher
and is not much affected by the electrode carbon loading (koapp of 1.73x10° and 1.95x10° cm/s for a
loading of 5 and 20 pg/cm?, respectively), reinforcing the conclusion that the electronic properties of

EHC materials are not diminished by their oxygen-enriched composition.

20 ug cm? _
0,20
0,10
0,00
-0,10 EHC9

——EHC18a

——EHC18a EHC18b
-0,20 -0,20

-0,5 0,0 0,5 1,0 -0,5 0,0 0,5 1,0
E/Vvs Ag/AgCl E/Vvs. Ag/AgCl

Fig. 6 - Cyclic voltammograms of glassy carbon and glassy carbon modified electrodes with different
carbon loadings (5 pug cm and 20 pg cm™) in 1 mM Fe(CN)¢>’* + 0.1 M KCl solution. v=20 mV s™.

In order to obtain further insight into the electron-transfer properties, electrochemical impedance
spectroscopy (EIS) was also carried out. Fig. 7a displays the Nyquist plots acquired for glassy carbon
electrodes modified with two different loadings of EHC materials. The impedance spectra show a
clear semicircle corresponding to charge transfer resistance (R.) in the high-frequency range for

EHC1 and EHC18a materials, whereas a considerably smaller feature is shown for EHC9 and EHC18b.
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The modified Randles circuit (Fig 7b) which was found to give the best fit to the experimental data
(lowest 2 value) presents the electrolyte resistance (R;) in series with a parallel circuit composed of
a constant phase element accounting for the double-layer (CPEy) and a charge transfer resistance
(Rey), itself in series with a constant phase element representing diffusion (CPEy). It is noteworthy
that despite a nearly 45° slope with respect to the real axis was clearly observed at the middle-low
frequency region, data fitting considering a Warburg diffusion element yield very high y? values, so a

CPE was used with P values around 0.5, as discussed below. The fitting EIS data is given in Table 4.
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Fig. 7 — a) Nyquist plots from EIS for Fe(CN)s>’* redox probe on glassy carbon and glassy carbon
modified electrodes with different carbon loading: 5 pg cm™ and 20 pug cm™. b) Modified Randles
circuit to fit the experimental data.

19



Apart from EHC1, the resistance to electron transfer (R.) is about the same for all the EHC films
(EHC9, 18a, and 18b), and not much different from GCE. Using the R, values obtained from the
equivalent circuit fitting, the standard heterogeneous rate constant (k°) was calculated from

equation 4,

R.T

kO = (4)

where R is the gas constant, T the temperature, F the Faraday constant, ¢ the bulk concentration for
oxidized (O) and reduced species (R) and o the transfer coefficient («=0.5). Electron transfer
heterogeneous rates constants k® were found to range from 0.46 x 10 cm s™ (EHC1) to 2.46x10™ cm
s (EHCY). EIS-determined k° follows the same trend for k° obtained by CV, but a discrepancy of 2
orders of magnitude is found. A possible explanation for this disagreement relies on the
overestimation of R, caused by the surface passivation developed along with the timeframe of EIS,
which is much longer than on voltammetry. Passivation of the surface electrode may result from the
adsorption of ferrocyanide and ferricyanide ions or to the adsorption of Prussian Blue-like products,

hindering the electrochemical reaction and consequently decreasing the electron transfer rate

constant [34-36].

Cyclic Voltammetry EIS
. Carbon CPE CPEg
Material oni AEp ( Kapo R, Rt g Gl o (Ka"_‘;
oading 10 2 o | CPE-T CPE-T 10
mV Qcm Qcm - -
(ug/em?) (mV) 3em/s) ( )| ) (uF em? ) CPE-P (Fem?s™) CPE-P il
GCE 0 122 2.99 10.13 250.3 13 0.938 4.60E-3 | 0.470 | 3.4E-04 | 1.11
EHC1 180 1.4 9.44 601.1 12 0.926 3.99E-3 | 0.458 | 1.2E-04 | 0.46
5
EHC18a 160 1.73 7.63 267.2 45 0.846 3.68E-3 | 0.409 | 1.7E-04 | 1.04
EHC9 92 6.32 8.93 112.8 398 0.652 3.48E-3 | 0.431 | 6.9E-05 | 2.46
EHC18a 20 150 1.95 7.96 282.9 44 0.822 4.03E-3 | 0.443 | 8.8E-05 | 0.98
EHC18b 110 3.82 8.82 148.6 1450 0.643 3.65E-3 | 0.452 | 5.4E-05 | 1.87

Table 4. Summary of cyclic voltammetric, EIS parameters data and corresponding apparent electron
transfer rate constant (k,,,) for GC and GC modified electrodes in 1 mM Fe(CN)63’/4’ + 0.1 M KCl

solution.
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The impedance associated with CPE, regardless it is CPEy or CPEy, is composed of two parameters,
CPE-T and CPE-P, being defined as Z = 1/[T(jw)F]. The CPE element only describes an ideal
capacitor when CPE-Pis 1. For GCE and EHC1 electrodes, the CPE4-P is close to one whereas for
EHC9 and EHC18b it deviates considerably from the pure capacitor model. This behavior is
suggestive of significant surface heterogeneity on these two electrode materials (coherent with their
higher roughness/porosity). EHC18b also displays the highest CPEy-T value, indicative of a very high
electrochemical surface area, in agreement with the high double-layer current exhibited in the cyclic
voltammogram of Fig. 6. Note that for an accurate estimation of the electrochemical surface area

/2 put due to the unexpected

one should employ an outer-sphere redox probe, like Ru(NH;)s
phenomenon described above, this calculation was not feasible.
Concerning the faradaic response and, in particular, the mass transfer effects, a CPE,, was used to fit
the results. In fact, although a Warburg element would be the most appropriate choice for the
electrical equivalent circuit, this element led to low-quality fitting with quite high %? values. As the
response of a pure Warburg element is equivalent to a constant phase element with P=0.5, this was
the chosen element and, as depicted in Table 4, all the P values range from 0.4 to 0.5.

The overall EIS data reveals the intrinsic surface properties of EHC materials, reinforcing the results
obtained by cyclic voltammetry. Accordingly, it is concluded that EHC9 material shows the fastest
electron-transfer kinetics, followed by EHC18b, EHC18a, and EHC1. Despite the good ability of these

materials for the electron transfer, determination of the conduction mechanism is a key missing

piece that should be elucidated in the near future.

3.3 Electrocatalytic reduction of O,
A comparison of the electrochemical behavior of EHC nanomaterials towards the ORR was firstly
assessed by LSV in O,-saturated 0.1M NaOH solution at zero rotation rate and 1600 rpm, Fig. 8a and

8b, respectively. For comparison purposes, Fig. 8a also presents the voltammetric curves obtained
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with GCE and EHC nanomaterials in O,-free solutions (dashed lines). Under no stirring conditions, the
bare GCE exhibits two broad reduction peaks, one located at ca. 0.44 V and another at ca. 0.02 V.
According to the literature, both peaks are ascribed to the reduction of O, to H,0, (HO, in 0.1 M
NaOH). The first is assigned to the 2e-electrochemical reduction of O, mediated by active surface-
oxygen groups (typically, quinone-like), while the second is attributed to the direct 2e-reduction
reaction [37,38]. Alike the glassy carbon material, all EHC materials exhibit the first peak, but their
intensity is significantly higher than on GCE, reflecting the higher amount of surface oxygen-
containing groups that are able to mediate the reduction process (typically, the glassy carbon has an
0O/C ratio of 1-8 % [39]). Among EHC materials, EHC9 and EHC1 show respectively, the highest and
the lowest reduction current intensity and the most and least positive potential onset, which are
strong indicators of their relative catalytic activities for the ORR. Note also that the second

reduction peak, at 2 0.02 V is not present on EHC1, contrasting with the other carbon materials.

a) ®=0rpm b) ® = 1600 rpm
0.0 f _
-1.0 - '
~ L] '2.0 T
' £
: g
‘E‘ g 3.0 ——GCE
~ = ——EHC1
- 4.0 4 = EHC9
EHC18a EHC18a
EHC18b
-0.6 T EHClS.b -5.0 T T
-0.3 0.1 0.5 0.9 -0.3 0.1 0.5 0.9
E/V vs. RHE E/V vs. RHE

Fig.8- a) Linear voltammograms of glassy carbon and glassy carbon modified electrodes in O,-
saturated 0.1 M NaOH solution at 0 rpm and b) 1600 rpm. v=20 mV s™.

Under stirring conditions (Fig. 8b), the potential onset follows the trend EHC9 = EHC18b > EHC18a >
EHC1 > GCE, Table 5. Despite the difficulty of extracting the half-wave potentials (E;/,) from non-flat
current plateaus, the obtained data provides a rough estimation of their comparative values,

following also the trend depicted for the potential onset. The highest activity of EHC9 and EHC18b,
22



followed by EHC18a and EHC1, is also supported by a comparison of their kinetic current densities
extracted at 0.67 V (vs RHE), a potential taken from the kinetically controlled potential region which

satisfies the

w=0rpm w = 1600 rpm
relation
EHC i
Eonset io Eonset Eiz | Tafel slope
0.1<i/id <0.5 2 (mA/cm”) [40].
(V) |(mAfem’) (v) | () 7N (mV/dec)
GCE 0.65 0.23 0.60 0.52 0.007 100
EHC1 0.73 0.32 0.67 0.57 0.07 83
EHC9 0.76 0.47 0.73 0.59 0.34 95
EHC18a 0.76 0.37 0.70 | ----- 0.16 96
EHC18b 0.76 0.39 0.73 0.59 0.30 74

Table 5. The ORR performance of glassy carbon and glassy carbon modified electrodes in O,-
saturated 0.1M NaOH solution under stirring and non-stirring conditions.

To further evaluate the ORR performance of the different EHC materials, RDE measurements were
conducted at 400 to 2100 rpm rotation rates (Fig. S3) and the corresponding data was analyzed

-1/2

through the Koutecky-Levich (K-L) plots (j** vs. w™?), Fig. 9a, to determine the number of electrons
transferred per O, molecule (ny;), Fig. 9b. It is shown that the number of electrons transferred on
EHC1 and GCE is nearly 2.0 independently of the electrode potential, whereas the variation of n with
potential on the other EHC materials is quite different. The highest number of electrons transferred
(3.7-3.8) is exhibited by EHC9, pointing for its higher ability to convert O, to H,0. The values of n on

EHC18b and EHC18a are suggestive that these materials catalyze both the two-and four-electron

pathways.
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Fig.9- a) Koutecky-Levich plots at -0.04 V (vs RHE); b) Plot of the number of electrons transferred per
0, molecule as a function of the electrode potential; c) LSV of glassy carbon modified electrodes in
0.85 uM H,0, + 0.1 M NaOH solution at v=20 mV s, Carbon loading: 1.3, 37.5, 13.3 and 12.4 uyg cm’
> for EHC1, EHC9, EHC18a, and EHC 18b, respectively; d) Tafel plots for EHC nanomaterials and GCE.

For further insight on the ORR mechanism, the electrochemical reduction of hydrogen peroxide was
conducted on the glassy carbon modified electrodes, Fig. 9c. The LSV curves for EHC9, EHC18a, and
EHC18b show remarkably low potentials onset and high current density, compared to EHC1. The
catalytic activity for the hydrogen peroxide reduction was found to follow the trend EHC9 > EHC18b
> EHC18a >> EHC1, in agreement with the trend found for the ORR activity and the number of
electrons involved in the O, electrochemical reduction reaction.

These results reinforce the conclusion that the ORR on EHC1 follows a 2e route and shows a
negligible activity to reduce the hydrogen peroxide, whereas a 4e route occurs on the nanomaterials

prepared by long-term electrode polarization (EHC9, 18a, and 18b). Actually, under the light of these
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results, we would expect that hydrogen peroxide once formed would be promptly reduced on the
EHC9, 18a and 18b in an O,-saturated solution. The fact that the number of electrons on these
electrode materials is rather low (n= 2-3) unless a negative potential is achieved (= - 0.03 V), may be
explained by the blockage of surface sites required for the further reduction of peroxide. The
formation of products or/and intermediate species that block the surface active sites along the O,
reduction would also explain the unexpected high Tafel slope found on EHC9 and EHC18a (Table 5).
Indeed, only EHC18b displays a low Tafel slope, approaching the 60 mV/dec value found on Pt [41].

In order to have the full picture of the electrocatalytic activity of EHC materials and the quantitative
information regarding the oxygen functional groups (acquired by XPS), a 2D plot was constructed, in
which the kinetic current at 0.67 V and the number of electrons at -0.04 V are the electrocatalytic
descriptors, Figure 10. It is shown a direct correlation between the C=0 relative amount and the
electroactivity, while the C-O percentage vs. ORR descriptors shows a clear anticorrelation, that is,
when C-0 is high, the electroactivity is low (for EHC1 and EHC18a) and when C-0 is relatively low, the

electroactivity is high (for EHC9 and EHC18b).
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Fig. 10 - Fraction of oxidized carbon species and ORR descriptors for each sample. Carbon
percentages are referred to as the left axis and ORR descriptors are referred to as the right axis. The
inset shows how C-O (%) and C=0 (%) compare with ORR descriptors where all the values are
referred to the left axis except the ORR (n@-0.04 V) values which are referred to the right axis.
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The overall results suggest that C=0 groups have an important role in the electrocatalysis,
particularly in the O, and H,0, reduction reactions. However, the differences found on the porosity
of the electrode materials must also have an important impact on the apparent catalytic activity.
Since it is impossible to separate these two effects, we advocate that the content of the C=0
functionality, together with the presence of a high surface porosity are responsible for the high
activity displayed by EHC9 and EHC18b materials. These findings are in agreement with the
argument that the carbonyl group facilitates the electron transfer on the oxygen reduction reaction

[42,43].

4. Conclusions

In summary, it was demonstrated that the short and long-termed galvanostatic polarization of a
graphite rod provides the anodic generation of carbon-based nanomaterials containing an
anomalous high content of oxygen functionalities (0.4 < O/C < 0.6). The oxygen-containing groups
are predominantly in the form of hydroxyl (or ether) and carboxyl on the short-termed
electrogenerated materials, and in the form of hydroxyl and carbonyl (or epoxy) on those generated
by a long-termed polarization. All these materials exhibit a very good electron-transfer ability
(appraised by EIS and CV). It was found that the catalytic activity towards the oxygen reduction
reaction was dictated by the content of the €=0 functionality, together with the high surface
porosity. Although the best catalytic materials display a very high ability for the hydrogen peroxide
reduction, a low conversion of O, to H,0 was found unless high overpotentials were achieved. These
divergence results suggest the surface blockage by reaction intermediates in the early stages of the
oxygen reduction reaction. Taken all together, this study provides a new perspective on the use of

highly oxidized carbon nanomaterials in electrocatalysis.
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Captions

Fig. 1. — 3D AFM images of the different EHC nanomaterials. The bottom right-hand figure includes
the 2D AFM image and the height profile of a diluted sample (EHC18b).

Fig. 2 - Raman spectra of the EHC nanomaterials and the corresponding bands.

Fig. 3 - C 1s XPS regions. Dashed lines are the fitted peaks positions. For detailed assignment see
text. The carbon atoms of interest for each BE are highlighted in bold, italic and underlined. C1s
regions are shifted on y-axis for clarity sake.

Fig. 4 - Quantification of the oxygen-functionalities on the EHC samples prepared at a different time
(EHC 1, EHC9, EHC18a) and at different applied current in the galvanostatic electrolysis (EHC18b).

Fig. 5 - a) Cyclic voltammograms of glassy carbon and glassy carbon modified electrodes in 1 mM
Ru(NHs)eCls + 0.1 M KCl solution at v=20 mV s and b) v=100 mV s™. c) Corresponding plots of the
current intensity peaks as a function of the scan rate (just for peak A), and d) as a function of the
square root of the scan rate (just for peak B).

Fig. 6 - Cyclic voltammograms of glassy carbon and glassy carbon modified electrodes with different
carbon loadings (5 pg cm™ and 20 pg cm™) in 1 mM Fe(CN)¢3’* + 0.1 M KCl solution. v=20 mV s ™.

3-/4-

Fig. 7 — a) Nyquist plots from EIS for Fe(CN)s""" redox probe on of glassy carbon and glassy carbon
modified electrodes with different carbon loading: 5 pg cm™ and 20 pug cm™. b) Modified Randles

circuit to fit the experimental data.

Fig.8- a) Linear voltammograms of glassy carbon and glassy carbon modified electrodes in O,-
saturated 0.1 M NaOH solution at O rpm and b) 1600 rpm. v=20 mV s™".

Fig.9- a) Koutecky-Levich plots at -0.04 V (vs RHE); b) Plot of the number of electrons transferred per
0O, molecule as a function of the electrode potential; c) LSV of glassy carbon modified electrodes in
0.85 uM H,0, + 0.1 M NaOH solution at v=20 mV s, Carbon loading: 1.3, 37.5, 13.3 and 12.4 uyg cm’
2 for EHC1, EHC9, EHC18a and EHC 18b, respectively; d) Tafel plots for EHC nanomaterials and GCE.

Fig. 10 - Fraction of oxidized carbon species and ORR descriptors for each sample. Carbon
percentages are referred to as the left axis and ORR descriptors are referred to as the right axis. The
inset shows how C-O (%) and C=0 (%) compare with ORR descriptors where all the values are
referred to the left axis except the ORR (n@-0.04 V) values which are referred to the right axis.
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Table 1. Galvanostatic conditions for the electrochemical generation of EHC nanomaterials.

Table 2. Peaks position, intensity and FWHM of D-, G- and a-C bands, as well as the Ip/lg and 1,.¢/lg
ratio.

Table 3. Carbonaceous species: fractions of C 1s fitted peaks (at% /(Crora. at%) x 100) and
assignments; Atomic ratios: O(Cqyx)/C computed from peaks fitted in C 1s assuming minimum and

maximum O/C stoichiometries; O/C computed from O 1s and C 1s total areas.

Table 4. Summary of cyclic voltammetric, EIS parameters data and corresponding apparent electron
transfer rate constant (k,,,) for GC and GC modified electrodes in 1 mM Fe(CN)63"/4" + 0.1 M KCl
solution.

Table 5. The ORR performance of glassy carbon and glassy carbon modified electrodes in O,-
saturated 0.1M NaOH solution under stirring and non-stirring conditions
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Highlights
e Approaches for the introduction of oxygen moieties on a carbon-based material.
e Surface characterization of oxygen-enriched nanomaterials (O/C > 0.4).
e Electrode materials with a high electron-transport ability.

e Electrocatalytic activity towards oxygen and hydrogen peroxide reduction.
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