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ABSTRACT Electrochemical oxygen reduction reaction (ORR) with 2-electron process is an alternative for

decentralized H,0, production, but it remains high challenging to develop highly active and selective catalysts for

this process. In this work, we present a selective and efficient nonprecious electrocatalyst, prepared through an

easily scalable mild oxidation of single-walled carbon nanotubes (SWNTSs) with different oxidative acids including

sulfur acid, nitride acid and mixed sulfuric/nitric acids, respectively. The high-degree oxidized SWNTs treated by

mixed acids exhibit the highest activity and selectivity of electroreduction of oxygen to synthesize H,0, at low

overpotential in alkaline and neutral media. Spectroscopic characterizations suggested that the C-O is vital for

catalyzing 2-electron ORR, providing an insightful understanding of defected carbon surface as the active catalytic

sites for 2-electron ORR.
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1 INTRODUCTION

Hydrogen peroxide (H,0,) is an environmentally friendly
chemical widely used in pulp, bleaching and wastewater
treatment™™®!. The anthraquinone method is the traditional
industrial process for large scaled production of hydrogen
peroxide, but it involves exorbitant infrastructures and
sequential complicated distillation and purifications™®. Free
from these limits, electrochemical H,O, production has
become a hit in recent years. Two-electron oxygen reduction
reaction (2-electron ORR) is the central core for the
electrochemical H,O, production, since it is ended with this
valuable chemical: hydrogen peroxide (see equation 1)® ¢,

0, +2e + 2H* = H,0,

Eo,=0.69 V vs. RHE (pH < 11.6)

Catalysts with efficient 2-electron ORR activity are

Equation (1)

urgently to explore for decentralized H,0O, production. Accor-

ding to DFT calculation, catalysts with moderate absorption
energy of *OOH oxygenated intermediate at the top of
Sabatier volcano plot have the highest 2-electron ORR
activity!” . Noble metals such as Pd, Au and Pt with the
absorption energy of *OOH located near the top of the
volcano plots have been suggested to be excellent 2-electron
ORR catalysts®™. Unfortunately, the expensiveness and
scarcity in nature of noble metals hinder their large-scale
application™ . Carbon materials have emerged as the most
possible candidates to replace noble metals due to its low
price and high catalytic activity towards 2-electron ORR%26],
Compared to noble metals, carbon materials have an oxygen
adsorption energy located at the weak bonding brunch in
volcano plots, which is favorable for H,0, desorptiont*™,
Perfect carbon materials always have low ORR activity due
to the inert carbon surface. Heteroatomic doping is an

effective strategy to activate carbon surface by causing charge
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and spin re-distributions on graphene hexagon frameworks,
which facilitate the oxygen absorption, activation and product
desorption® *°1. Nonmetal elements like nitrogen, sulfur and
halogens have been found to be “active” to promote ORR
activities®®?2. However, most of them are reported to favor
4-electron ORR preferably. Recently, Cui et al and
McCloskey et al reported that oxidized multi-walled carbon
nanotubes or graphene can act as potential 2-electron ORR
catalysts® 2. Single-walled carbon nanotube (SWNT), the
most conductive member in carbon family, is a potential
candidate deserved to be explored. Nevertheless, the
traditional Hummer’s method is so intensive to tear SWNT
into graphene pieces, destroying the highly conductive tube

structurel®,

Therefore, the search of oxidative media for
easily scalable and mild oxidation of SWNT is highly
desirable and the oxygenated defect-driven catalytic active
site for 2-electron ORR needed to be further understood.

In this work, we present a selective and efficient nonpre-
cious electrocatalyst based on single-walled carbon nanotubes
(SWNTSs), prepared through an easily scalable mild oxidation
with different oxidative acids including sulfur acid, nitride
acid and mixed sulfur/nitride acids, respectively. The highly
oxidized SWNT treated by mixed acids exhibits the best
activity and selectivity of electroreduction of oxygen to
synthesize H,O, at low overpotential in alkaline and neutral
media. Spectroscopic characterizations suggested that the
C-0O is vital for catalyzing 2-electron ORR, providing an
insightful understanding of defected carbon surface as the

active catalytic sites for 2-electron ORR.

2 EXPERIMENTAL

2.1 Experiments and methods

SWNTs purification The commercial Tuball SWNTs
(OCSIAL company) contain some metal catalysts for growth.
For purification, 500 mg SWNT was ultrasonicately dispersed
and refluxed in diluted H,0, solution (4.9 mol L) at 140 °C
for 3 h. Then one half (75 mL) of the solution was decanted
and the same volume of concentrated hydrochloric acid was
added for refluxing for another 3 h. After that, the purified
SWNTs (P-SWNTs) were washed with distilled water for at
least five times under filtration and vacuum dried at 80 °C

overnight.

Surface oxidation of SWNTs In parallel, the oxidation of
SWNTs was carried out in concentrated nitric acid, sulfuric
acid and mixed nitric acid/sulfuric acid (volume ratio = 1:3)
respectively under refluxing in a 70 °C oil bath for 2 h. The
products were filtered and washed with water and ethanol
until the residue pH value was neutral, and then dried
overnight at 80 °C. The obtained sample was named as
O-SWNT-NA, O-SWNT-SA and O-SWNT-SA/NA corres-
pondingly.
2.2 Physical characterizations

X-ray powder diffraction spectroscopy (XRD) was recor-
ded on Rigaku miniflex600 with CuKa radiation (0.154 nm)
with a scan rate of 2 °/min. Raman spectra were performed in
a Horiba Jobin Yvon LabRAM ARAMIS system equipped
with the 532 nm as the light source. All the recorded spectra
were normalized by their maximum value of G bands®®!. The
transmission electron microscopic (TEM)
recorded on a JEOL JEM-2100F microscope with the

images were

acceleration voltage of 200 kV. X-ray photoelectron spec-
troscopy (XPS) was performed on ESCALAB 250 Xi. All the
peaks were calibrated to the amorphous C-C peak (284.8
eV)? and normalized to their corresponding highest Cls
peaks.
2.3 Electrochemical measurement

The homogeneous ink was prepared by sonicately blending
the mixture of 1 mg catalyst, 0.54 mL isopropanol and 0.06
mL nafion solution (5 wt%) for 3 h at room temperature. Then
6 uL ink was coated drop by drop on the glassy carbon disk
with geometric area of 0.237 cm? on a rotating ring disk
electrode (RRDE) and used as a working electrode. The
KCl-saturated Ag/AgCl electrode and graphite rod were used
as the reference and counter electrodes. Linear sweep
voltammetric (LSV) measurement and cyclic voltammetric
(CV) measurement were recorded on a CHI 760D
electrochemical workstation coupling with the above RRDE
technique. Before LSV tests, 60 segments of CV in the
potential range of 1~0 V (vs. reversible hydrogen electrode,
RHE) was applied to stabilize the catalyst layer. Then LSV
curves at the rotating speed of 1600 rpm were recorded in
O,-saturated 0.1 M KOH, 0.1 M K,SO, and 0.1 M HCIQ,,
with a scan rate of 5 mV s The platinum ring electrode was
biased at 1.2 V (vs. RHE) during the LSV tests in order to

fully oxidize the H,O, nearby. In addition, LSV curves were
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also recorded in Ny-saturated electrolyte as background
subtraction to eliminate the double-layer electric influences.
The selectivity towards 2-electron ORR was calculated by:

H,0,% = 200 x Iz/(Ip <N, + Ig)
where the I, Iy and N (0.38) are the ring current, disk current
and collection efficiency.

The Ji was calculated by: 1/J = 1/J, + 1/

J = 0.2nFCOD02/3v'1/6a)1/2
Where the n, F, C,, D,, v and o represent the transfer electron,
faraday constant (96485 C mol™), bulk oxygen concentration
(1.3 mM), diffusion coefficient (1.9 x 10° cm?s™) and
kinematic viscosity (0.01 cm? s) of the solution and angular

velocity, respectively.

3 RESULTS AND DISCUSSION

3.1 Synthesis and characterization

As schematically illustrated in Fig. 1a, the surface
oxidation degree of SWNTs can be tailored by varying the
oxidative acids. The mono sulfuric acid or nitric acid has
moderate ability to oxidize the SWNT. While the mixed sulfur
and nitric acid with aqua regia-like features is highly
oxidative to SWNT, which is proved by the oxygen analysis
in samples. As estimated from the X-ray photoelectron survey
spectra in Fig. S1, the O-SWNT-SA/NA has the highest
oxygen content of 10.9 at.%, nearly twice as the oxygen
contents of O-SWNT-SA (6.08 at.%) and O-SWNT-NA (7.5
at.%). Raman spectroscopy has been widely used to
characterize SWNT for the unique one-dimensional and
electronic structures®®.. In a full Raman spectrum, the typical
SWNT has the radical breathing mode (RBM), D/2D mode
and G mode!?®!. The RBM peaks located around 150 cm™ are
important indicators for the diameters of SWNTSs, in which a
higher wavenumber of RBM corresponds to the SWNT with
relative smaller diameters according to Eq. 22,

RBM = A/d, + B

Where the A and B parameters are determined experi-

mentally, and d, is the diameter of SWNT. All the normalized

RBM peaks of oxidized SWNTs and the referred purified
SWNT (P-SWNT) are shown in Fig. 1b. As can be seen, the
intensities of the RBM peaks tend to gradually decrease from
P-SWNT to O-SWNT-SA/NA, and the O-SWNT-SA/NA
exhibits the lowest intensity of RBM in four samples, proving
the existence of high oxygen contents, which diminishes the
SWNT characteristic Raman RBM peaks. More interestingly,
the oxidized SWNTs demonstrated much weaker RBM at the
right side of higher wavenumber (~175 cm™) than those of
P-SWNT, indicating the SWNTs (around 175 cm™) with
smaller diameters are more susceptible to the acidic oxidation.
D modes are characteristics from defects such as carbon
empty and doped heteroatoms®. In Fig. 1c, the ratios of Ip/lg
increase correspondingly with the oxygen contents for the
P-SWNT to O-SWNT-SA/NA, indicating the successful
oxidation of SWNT and controlling of the defects con-
centration by varying oxidative acids. Furthermore, the G
modes of the oxidized SWNTs (Fig. 1d) show significant
peak-shifts towards higher wavenumber compared to
P-SWNT, implying the p-doping occurred by hanging with
oxygen-containing groups on SWNT?L %2, Benefited from the
highest oxygen contents, the O-SWNT-SA/NA exhibits the
largest peak-shift in three oxidized SWNTs. Such electronic
doping can alter the local electronic density of carbon surface,
and thus can facilitate the absorption, activation or desorption
of product during ORRI . Here, it should be noted that the
acidic oxidation did not tear open the graphitized walls of
SWNTSs, as proved by the well-retained typical (10) peaks of
SWNT in XRD patterns (Fig. 1e). The (10) peaks result from
the oriented stacking of single SWNTsE 34 called SWNT
bundles. TEM observation in Fig. 1f confirmed no obviously
detached graphitic fragments, suggesting the oxidation
methods by mono or mixed acids are relatively mild
compared to Hummer’s method® %! The well-preserved
SWNT structures might guarantee the feasible conductivity
and electrochemical charge transfer between SWNTs and

absorbed oxygen molecules for ORR.
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Fig. 1.

a) Schematic illustration of the surface oxidation degree of SWNT, and b) RBM mode, ¢) D mode,

d) G mode and e) XRD patterns and f) TEM images of P-SWNT, O-SWNT-SA, O-SWNT-NA and O-SWNT-SA/NA

3.2 Electrochemistry

Linear sweep voltammetry (LSV) was employed to
evaluate the ORR performances of the P-SWNT and
O-SWNT samples. Fig. 2a-b shows the LSV curves (including
disk and ring currents) in alkaline media (0.1 M KOH). In
terms of onset potential, the ORR activities of P-SWNT and
oxidized SWNT follow a clear order of O-SWNT-SA/NA >
O-SWNT-NA > O-SWNT-SA > P-SWNT. The P-SWNT has
relative low selectivity (< 70%) towards 2-electron ORR,
especially at low potential range, which agrees with previous
reports®®l. With the increase of oxygen contents by acidic
treating, the catalytic 2-electron ORR selectivity improves
considerably, and reaches a high level of 80~90% for
O-SWNT-SA/NA, which implies the important role of
introducing oxygen-containing groups on carbon surface to
regulate 2-electron ORR processes. Since O-SWNT-SA/NA
has the highest oxygen content, it demonstrates the best
the
P-SWNT and oxidized samples show the same order of

2-electron ORR activity and selectivity. Similarly,

catalytic activity in neutral media (0.1 M K,S0Oy), as displayed
in Fig. 2c-d. More importantly, the high 2-electron ORR
selectivity performed in neutral electrolyte is more valuable

for application than in alkaline, because the hydrogen
peroxide tends to easily self-decompose in alkaline solution
(pH > 11.6). Therefore, the O-SWNT-SA/NA catalyst has an
optimized activity and selectivity (85~90%) owing to the
enriched oxygen-containing groups hung on the tube structure
of SWNTs.

As the best 2-electron ORR catalyst, the pH-dependent
ORR properties of O-SWNT-SA/NA were also investigated,
as shown in Fig. 2e. From the kinetic regions in LSV data, the
onset potentials decrease with 0.059 V (vs RHE) per pH from
alkaline media (0.1 M KOH) to acidic media (0.1 M HCIO,).
No apparent overpotential was observed in alkaline media
(pH = 13), which reaches nearly 1.0 V at pH = 1. This
observation is ascribed to the fact that ORR proceeds via the
non-coupled proton-electron transfert®. The Tafel plots of
O-SWNT-SA/NA (Fig. 2c) at different media are re-plotted
according to the LSV data. It is seen that the Tafel slopes in
alkaline (63 mV dec™* for pH 13) and neutral (71 mV dec™ for
pH 7) media are much smaller than that in acidic media (169
mV dec™ for pH 1). Therefore, O-SWNT-SA/NA shows more
rapid kinetics of 2-electron ORR under alkaline and neutral
electrolytes.
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Fig. 2.  Oxygen reduction performance of P-SWNT, O-SWNT-SA, O-SWNT-NA and O-SWNT-SA/NA. a) and c) LSV curves at 1,600
rpm (solid lines) and simultaneous H,0, detection currents at the ring electrode (dashed lines) in 0.1 M KOH and 0.1 M K;SOy4; b)
and d) the corresponding 2-electron selectivity; e) pH-dependence of polarized curves of O-SWNT-SA/NA and f) the Tafel plots

To further understand the underlying mechanisms of
enhanced ORR selectivity of oxidized SWNTSs, according to
the previous-reported workP®!, XPS-Ols spectra can be
deconvoluted into two oxygen species: the C-O and C=0,
their relative contents are recorded in Fig. 3a and Table S1. As
displayed in Fig. 3, the C-O content linearly increases in the
order of P-SWNT < O-SWNT-SA < O-SWNT-NA <
O-SWNT-SA/NA, while the C=0 content keeps almost

unchanged in the four samples. The correlation of the contents
of C-0O, C=0 and 2-electron ORR activity and selectivity at
0.3 V (0.1 M KOH) is plotted in Fig. 3b. Obviously, the
positive dependence of the selectivity and the activity with the
atomic contents of C-O is observed, indicating the vital roles
of C-O in regulating the activity and selectivity of 2-electron
ORR.
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Fig. 3.

a) XPS-01S spectra of P-SWNT, O-SWNT-SA, O-SWNT-NA and O-SWNT-SA/NA. b) Plot of the C-O (purple),

C=0 (blue), selectivity at 0.3 V (0.1 M KOH)(green) and current at 0.3 V (0.1 M KOH) (yellow)

4 CONCLUSION

In summary, we have developed an easy and mild oxidation
method to activate the surface of the SWNT and tailored the
oxygen contents with three types of acids. Electrochemical
tests proved that the most oxidized SWNT can exhibit
efficient 2-electron ORR performance, and pointed a potential
application in neutral electrolyte for electrochemical produc-

tion of hydrogen peroxide. By employing spectroscopic

characterizations, it is observable that there were charge
transfers occurring after surface oxidation by different acids
and a strong dependence of the 2-electron ORR activity with
the C-O content. Combining with the composition and
structural characterizations, we tentatively proposed that the
C-0 is important for the 2-electron ORR. This work provides
an insightful understanding of the important role of C-O in
2-electron ORR, and gives a potential guidance for carbon
electrocatalyst design.
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