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Abstract

Since most electrocatalysts for oxygen evolution reaction (OER), except for pre-

cious metal oxides RuO2 and IrO2, are unstable in harsh acidic solutions, it is

highly desirable to develop high-performance OER electrocatalysts for acidic

media, though it is still a big challenge. Herein, we report a simple strategy to pro-

duce carboxyl-enriched multiwalled carbon nanotubes (COOH-MWNTs) that

exhibit stable and high electrocatalytic activities for OER in acidic solutions, show-

ing an overpotential at a current density of 10 mA cm–2 and a Tafel slope as low

as of 265 mV and 82 mV dec–1, respectively. As far as we are aware, these results

represent the best OER performance for metal-free electrocatalysts, even compara-

ble to those of RuO2 and IrO2. We have further revealed the catalytic mechanism,

which involves one electron lose from the COOH-MWNTs catalyst at the begin-

ning of the OER process to trigger H2O molecule oxidation by forming peralcohol,

followed by the recapture of one electron from water molecule to oxidize water

and to recover the initial state for the COOH-MWNTs catalyst. The unravel of this

new OER mechanism is important as it provides new insights into the crucial role

of organic functional groups in electrocatalytic processes. Also, the mechanistic

understanding can be used to guide the design and development of novel metal-

free catalysts for acidic OER electrocatalysis and beyond.
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1 | INTRODUCTION

The oxygen evolution reaction (OER) is a critical half
reaction in water splitting and metal-air batteries.1,2 Per-
forming the OER in acidic media has practical signifi-
cance due to the high mass transfer rate, product purity
and good efficiency for the acidic electrocatalysis.3,4

Unfortunately, the vast majority of OER electrocatalysts
with excellent catalytic performance in alkaline media
are unstable in harsh acidic solutions.5,6 So far, precious
metal Ruthenium (Ru) and iridium (Ir) oxides have
emerged as the best two OER catalysts in acidic media.7,8

However, the limited availability and high cost of these
noble metals have severely limited their large-scale appli-
cations. Therefore, it is important to develop efficient,
stable, and low-cost OER catalyst for electrocatalysis in
acidic media, though still a significant challenge.9

Recently, metal-free catalysts based on carbon nan-
otubes (CNTs), such as heteroatom-doped, charge-adsorbed
and defective CNTs, have been demonstrated to show
great potential for enhancing electrocatalysis in alkaline
media through charge/spin redistribution.10–14 How-
ever, these catalysts generally display severely degraded
OER properties in acids (Figure S1) owing to their
inherent strong hydrophobicity in acidic conditions (-
Figure S2) to block the contact between the catalyst and
H2O molecules. This limitation could be overcome by
introducing appropriate oxygen-containing groups, such
as hydroxyl, epoxy and carboxyl moieties, on the CNTs
surface to enhance their hydrophilicity.15 Compared
with carboxyl, the hydroxyl and epoxy groups are unsta-
ble and are subjected to further oxidization in the OER
process, especially in acidic conditions.16 Thus, the
incorporation of carboxyl groups is an attractive option
to guarantee both the hydrophilicity and electrocatalytic
stability of CNTs, even in acidic media. Moreover, the
strongly electron-withdrawing carboxyl group can
reduce the local electronic density of CNTs, which, for
an oxidation reaction (i.e., OER), could facilitate charge
transfer from solution to the CNTs electrode to acceler-
ate the water oxidation process.17 Therefore, carboxyla-
tion of CNTs appears as a desirable route to enhance
their OER performance under acidic conditions, leading
to a new class of metal-free carbon electrocatalysts
by covalent functionalization of carbon nanomaterials
even without heteroatom-doping – a great potential
that has not been previously recognized, though certain
functionalized carbon catalysts have long been used
for some non-electrochemical reactions or simple elec-
trochemical reaction (e.g., oxygen reduction) without
mechanistic understanding.18,19

Herein, we report a facile hydrothermal acid oxida-
tion of CNTs to produce carboxyl-enriched multiple-

walled carbon nanotubes (COOH-MWNTs), which
exhibited unprecedented OER performance in acidic con-
ditions with a low overpotential of 265 mV at a current
density of 10 mA cm–2 and a small Tafel slope of 82 mV
dec–1—better OER performance than that of any metal-
free electrocatalysts in acidic conditions reported to
date20–25 and comparable to those of the RuO2 and IrO2

benchmark catalysts. Our experimental observations
combined with the theoretical calculations revealed a
novel OER mechanism for the carboxyl-enriched MWNTs
catalysts, in which the carboxyl group lowers the
energy barrier for water splitting via the formation and
hydrolysis of a lactone. The observed excellent catalytic
performance and demonstrated unique catalytic mech-
anism clearly indicate the feasibility to use the simple
strategy presented in this paper for developing novel
carbon-based metal-free catalysts with improved
electrocatalytic activity in acidic media, attractive for
high-performance water splitting, metal-air batteries
and beyond.

2 | RESULTS AND DISCUSSION

Carboxyl-enriched MWNTs with different oxygen contents
(Figure S3 and Table S1) were prepared by oxidation of
MWNTs (see Figure S4 for the possible structure) in piranha
solution for different times (10–30 h), followed by subse-
quent hydrothermal treatment in oxygen-saturated solution.
The MWNTs in the resultant COOH-MWNTs maintained
an intact tubular structure (Figures 1A and S5), but their
surface hydrophilicity increased significantly in respect to
their pristine counterparts in 0.5 M H2SO4, as shown in the
insets of Figure 1A and in Figure S6. These effects favor the
COOH-MWNTs for efficient electrocatalysis in acid electro-
lytes. However, an increase in the carboxyl content could
cause an inevitable damage of the MWNTs structure, and
a concomitant decrease in its electrical conductivity (Fig-
ures 1B and S7), leading to a poor electrocatalytic activity.
As shown in the inset of Figures 1B and S8, the as-
prepared COOH-MWNTs with an oxygen content of about
3.9 at% showed the lowest onset potential in acidic condi-
tions among all the samples investigated in this study,
with a balanced hydrophilicity and electrical conductivity.
Thus, this particular sample obtained after 20 h oxidation
and hydrothermal treatment (denoted as: COOH-
3.9-MWNTs) was used for subsequent analyses, along with
the precursor MWNTs (by oxidation for 20 h but without
subsequent hydrothermal treatment, denoted as: o-
MWNTs) for comparison.

Figure 1C shows the high-resolution O 1s XPS spectra
of COOH-3.9-MWNTs and o-MWNTs samples. As can be
seen, the MWNTs were successfully oxidized to show the
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FIGURE 1 (A) TEM images of corresponding water contact angles in 0.5 M H2SO4 (insets) of pristine and COOH-MWNTs. (B) Contact

angle, donor density, and overpotential of carboxylic MWNTs with different oxygen contents. (C) O 1s XPS spectra of COOH-3.9-MWNTs

and o-MWNTs samples. (D) EDS elemental mapping images showing C (green) and O (red) distributions in COOH-3.9-MWNTs sample.

(E) Raman spectra of COOH-3.9-MWNTs, o-MWNTs, and pristine MWNTs samples. (F) XPS survey spectrum of COOH-3.9-MWNTs; the

insets show the Ni 2p, Co 2p, Fe 2p, and Mn 2p spectra
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presence of the C O and C═O peaks with an intensity
ration (I(C O)/I(C═O)) of approximately 2:1 for o-
MWNTs, arising from the oxygen-containing groups,
such as hydroxyl, epoxy, and carboxyl groups, in the oxi-
dized MWNTs. After the hydrothermal treatment in
oxygen-saturated solution, the content of ketonic C═O
groups increased, and the I(C O)/I(C═O) decreased to
1:1; suggesting that carboxyl groups became dominant in
the COOH-MWNTs, as also confirmed by Fourier trans-
form infrared spectroscopy (FT-IR, Figure S9).26 The
energy dispersive spectroscopy (EDS) mappings in Figure
1D show a homogeneous distribution of oxygen atoms in
the COOH-3.9-MWNTs, confirming that the carboxyl
groups are evenly spread over the nanotubes. Raman
spectra in Figure 1E show an increased number of defects
in o-MWNTs compared with the MWNTs, whereas the
defect content in COOH-MWNTs shows only a minimal
change with respect to that of o-MWNTs. Both the XPS
and Raman results indicate that the hydrothermal treat-
ment caused the transformation of hydroxyl or epoxy into
carboxyl groups, rather than introducing new defects.
Furthermore, only the C and O peaks, but no peak for
metal (Ni, Co, Fe, Mn) impurities, could be detected in
the XPS survey spectrum of COOH-3.9-MWNTs (Figure
1F), and its metal content was found to be as low as 0.01
wt % by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES, Table S2). Therefore, this carboxyl-
enriched MWNTs sample represents a suitable model cata-
lyst for further analysis in this study, due to the predomi-
nant content of carboxyl groups (with a key role in the
OER process) and the negligible effect of defects or metal
impurities.

The OER performance of the COOH-3.9-MWNTs was
evaluated in 0.5 M H2SO4 using a three-electrode cell with
a loading of 1.41 mg cm–2 (Figure S10). As shown by the
linear sweep voltammetry (LSV) curves in Figure 2A and
S11, the optimized COOH-3.9-MWNTs sample displayed
outstanding OER performance in the acid electrolyte with
a small overpotential of 265 mV at 10 mA cm–2, much
lower than that of o-MWNTs (420 mV) and commercial
RuO2 (310 mV). As seen in Figures 2B and S12, the
COOH-3.9-MWNTs also showed a similar Tafel slope and
a higher exchange current density (82 mV dec–1 and
9.3 μA cm–2, respectively) compared to those of RuO2

(66 mV dec–1 and 0.61 μA cm–2, respectively). Also, the
COOH-3.9-MWNTs maintained a high OER activity in
0.1 M HClO4 with a small η10 of 290 mV and a Tafel slope
of 103 mV dec–1 (Figure S13). These results highlight the
fast kinetics for the COOH-3.9-MWNTs, as also reflected
by its small charge transfer resistance measured with elec-
trochemical impedance spectroscopy (EIS, Figure S14) and
its high electrochemically active surface area (ECSA, Fig-
ures 2C and S15). Although the defect contents of COOH-

3.9-MWNTs and o-MWNTs were almost the same (Figure
1E), the ECSA of COOH-3.9-MWNTs was nearly 2.5 times
higher than that of o-MWNTs. These results indicate that
the increase in ECSA could be attributed to the presence
of carboxyl groups,27 which rendered the CNTs surface
hydrophilic (Figures 1A and S6) to enhance its interaction
with the electrolyte and charge-transfer to the reactant
(vide infra), and hence the facilitated OER at the COOH-
3.9-MWNTs catalyst. We further performed SCN� poison-
ing tests and found no change in the OER performance of
COOH-3.9-MWNTs before and after the addition of KSCN.
In contrast, a severe decrease in current density was
observed for MWNTs supported on metallic Ni (Figure
2D). Clearly, therefore, the effect of residual metal impuri-
ties on the OER activity, if any, was negligible for COOH-
3.9-MWNTs.

Figure 2E shows that the polarization curves of
COOH-3.9-MWNTs before and after 3000 sweep cycles
exhibited no visible change, with only a 6% current loss
after 10 h of the chronoamperometric testing (inset of
Figure 2E). In contrast, the commercial RuO2 was quite
unstable under the same conditions (Figure S16). The
scanning electron microscopy (SEM) images in
Figure S17 show that the COOH-3.9-MWNTs retained
their tubular structure after the durability test. Besides,
the C═O and C O peaks in the O 1s XPS spectrum did
not change after the stability testing (Figures S18 and
1C), demonstrating, once again, the excellent
electrocatalytic stability of COOH-3.9-MWNTs in acidic
media. As shown in Figure S19, no CO2 was detected by
gas chromatography after the OER process, suggesting no
degradation of carbon nanotubes even under the strong
acidic conditions. Overall, the above durability tests high-
light an excellent stability of the carboxyl-enriched
MWNTs, including the carboxyl groups.

The gas evolution from COOH-3.9-MWNTs was fur-
ther investigated using a rotating ring disk electrode
(RRDE) in 0.5 M H2SO4 (Figure 2F). It was demonstrated
that the oxygen reduction reaction (ORR) occurred on the
Pt ring electrode as soon as the oxidative current increased
at the disk electrode, indicating an immediate and inten-
sive oxygen generation catalyzed by COOH-3.9-MWNTs
under the appropriate overpotential (Figures 2F and S20).
On the other hand, a weak ORR current was obtained for
the o-MWNTs, denoting a highly inefficient OER process
for the o-MWNTs (Figure S21). The Faradaic efficiency of
COOH-3.9-MWNTs reached 98% when the disk current
was held at 270 μA (Figure S22).28 Meanwhile, the yield
of O2 via OER is approximate to the production in
theoretically, indicating the Faradaic efficiency is approach
to 100% (Figure S23). In addition, no H2O2 was detec-
ted by the ring electrode during the OER process
(Figure S24), indicating that oxygen evolution from the
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FIGURE 2 (A) LSV curves and (B) corresponding Tafel plots for the OER of COOH-3.9-MWNTs, o-MWNTs, MWNTs, and commercial

RuO2 in 0.5 M H2SO4. (C) Anodic capacitance current plots. (D) OER activity of COOH-3.9-MWNTs and Ni/MWNTs samples before and

after addition of 10 mM KSCN in 0.5 M H2SO4. (E) Stability test of COOH-3.9-MWNTs in 0.5 M H2SO4. (F) O2 evolution from the COOH-

3.9-MWNTs during the OER process, detected using a rotating ring disk electrode at a constant potential of 0.4 V versus RHE
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COOH-3.9-MWNTs involved a fast four-electron transfer
process.29

The above results indicate that the remarkable OER
performance of the COOH-3.9-MWNTs in an acidic OER
is attributable to the carboxyl surface groups on the nan-
otubes. However, the mechanistic understanding of how
the MWNTs-supported carboxyl groups can catalyze the
OER process is unclear. Based on the theoretical and
experimental results to be discussed below, we propose a
plausible mechanism for the OER process catalyzed by
the carboxyl-functionalized MWNTs in acidic media. As
shown in Scheme 1, the anodic oxidization of the defec-
tive carbon atom adjacent to the carboxylic group in
1 gives the active species 2. Then, annulation of 2 driven
by electrostatic interactions produces the lactone 3.
Hydrolyzation of 3 yields the key intermediate 4 via
water splitting, and subsequent anodic oxidation trans-
forms 4 to peroxide 6 through epoxide 5. Finally, the ter-
tiary radical in 6 could induce homogenous cleavage of
the vicinal peroxide functionality to release molecular
oxygen along with a proton and an electron and regener-
ate neutral aromatic carboxylic acid 1 for next catalytic
cycle. Unlike metal-based catalysts that have high capa-
bilities to rapidly capture electrons from water molecules,
the carboxyl-enriched carbon nanotubes must use their

own electrons to trigger the formation and hydrolysis of a
lactone and recapture their electrons at the end of the
cycle, recovering the initial state (Scheme 1).

The above catalytic mechanism was supported by our
theoretical calculations and experimental observations.
In particular, we calculated the reactivity of CNTs con-
taining different functional groups, including CNTs with
vacancies (Figure 3A), CNTs with COOH groups
(i.e., COOH-MWNTs), and the key intermediate 3
(Scheme 1, Figure 3B). As seen in Scheme 1, the structure
of intermediate 4 and the formation of O2 (Figure 3C,D)
confirm that the active sites of the CNTs are the carboxyl
groups introduced at defect sites. Figure 3E gives the pro-
jected partial density of states (PDOS) plots, which shows
that the O 2p orbitals are shifted to higher energies by
bonding unsaturation, where the electron pair results in
a stronger tendency for oxidation. The main contribution
to the activity of the lactone 3 comes from the p-π diva-
lent [C═O] bonds, whose O 2p states are closer to the
Fermi level (EF) than those of the nearby [ O C O ]
bonds with higher electron density, suggesting a higher
reactivity. The electrons originating from the two oxygen
atoms bonded with edge carbon atoms could produce a
local electron-rich environment, causing strong adsorp-
tion of water molecules and enhancing the OER

SCHEME 1 Possible mechanism for water oxidation on carbon atoms adjacent to carboxylic acid groups in COOHs-MWNTs
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reactivity. Hence, excellent OER performance can be
expected on the highly active carboxyl modified surface
of the CNTs.

In Figure 3F–H, the reactivities of the three different
types of CNTs were compared in terms of the relative
energies associated with the various steps of the OER
process in Scheme 1. The energy diagram corresponding
to CNTs with vacancies (Figure 3F) exhibits a downhill
trend until epoxide 5 is formed, followed by a dramatic
energy increase in the rate-determining step (RDS) of the
process. This leads to the loss of OER activity of the CNTs
due to a high energy barrier of 5.67 eV (Figure 3F). The
energy diagram of the oxidized CNTs shows a similar
uphill trend, with a slightly lower energy barrier of
4.34 eV for the deoxidization of peroxide 6 (Figure 3G).
The lower barrier compared with that of the pure CNTs
is consistent with the results of the polarization experi-
ments. This energy barrier is attributed to the instability

of the oxidized groups during ambient geometry relaxa-
tion, and is thus dominated by the limited number of
active sites on the CNTs surface. The reaction path for
the carboxylated CNTs exhibits the same RDS as that
observed for the untreated defective CNTs, that is, the
reaction of epoxide 5 to peroxide 6 in Scheme 1. How-
ever, after the carboxylation of the CNTs, the stable car-
boxyl functional groups lead to a substantial decrease in
the OER energy barrier to 2.28 eV (Figure 3H), which is
less than half of that for the defective CNTs (Figure 3F).
Further geometry optimizations show that all steps of the
OER occur near the dangling [ C═O] bonds, which is
consistent with the proposed Scheme 1. Notably, in the
case of the carboxylated CNTs, most reaction steps in
Scheme 1 are endothermic at zero overpotential, indicat-
ing that a positive overpotential is needed. Under a stan-
dard potential of 1.23 V, the maximum energy barrier for
the carboxylated CNTs is further reduced to 1.05 eV

FIGURE 3 Geometric configurations and electronic properties of CNTs. (A) CNTs structure; (B, C) intermediates 3 and 4 in Scheme 1,

respectively; (D) O2 formation. (E) PDOS plots of CNTs with vacancies, oxidized CNTs and carboxylated CNTs. OER energy profiles for

(F) CNTs with vacancies, (G) oxidized CNTs, and (H) carboxylated CNTs
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(Figure 3H). Therefore, the superior catalytic activity of
the carboxylated CNTs in the OER process can be attrib-
uted to the presence of the active carboxyl groups, as
shown in Scheme 1.

To further confirm the unique effect of the carboxyl
groups on the OER performance of the MWNTs in acidic
conditions, the COOH-3.9-MWNTs was functionalized
with OCH3 and amine groups (designated as: CH3O-
3.9-MWNTs and amine-3.9-MWNTs) for protecting car-
boxyl and to investigate the effects of different groups on
the OER process (Figure 4A; see Figures S25 and S26 for
detailed structures). It is worth to note that esters and
amides have a similar electronegativity30 to the carbox-
ylic acids incorporated in the CNTs, and they also have
much better hydrophilicity than the pristine MWNTs
(121.7�) and close to the COOH-3.9-MWNTs in 0.5 M H2

SO4. However, their OER activities and ECSAs are con-
siderably reduced compared with those of the COOH-
3.9-MWNTs (Figures 4B and S27). In addition, MWNTs
containing only hydroxyl groups (designated as: MWNTs-
OH) was also investigated, which showed poor OER per-
formance (Figure 4B), though a good hydrophilicity

(Figure 4A). These results suggest that carboxyl groups
are responsible for the observed OER activity of COOH-
3.9-MWNTs by enhancing not only the surface hydrophi-
licity, and hence the interaction with the electrolyte, but
also the charge transfer to the reactants (Scheme 1).
Interestingly, the catalytic performance of CH3O-
3.9-MWNTs could be almost fully recovered by
hydrolyzation of CH3O-3.9-MWNTs in alkaline solution
(see Supporting Information) to recover the structure of
COOH-3.9-MWNTs, as shown in Figure 4C. Once again,
this clearly demonstrated the unique effect of carboxyl
groups in enhancing the OER activity in acidic
conditions.

As shown in Figure 4D, the newly-developed metal-
free COOH-3.9-MWNTs exhibited outstanding OER per-
formance in acidic conditions, outperformed most noble
metal (e.g., Ir- and Ru)-based catalysts. To the best of our
knowledge, they represent the best metal-free electro-
catalysts for the acidic OER.21–25,31–36 The methodology
developed in this work could also be applied for the
design and development of new carbon catalysts for OER
and many other reactions.

FIGURE 4 (A) Water contact angle of COOH-3.9-MWNTs, CH3O-3.9-MWNTs, amine-3.9-MWNTs, and MWNTs-OH. (B) Polarization

curves of the functionalized MWNTs. (C) Electrocatalytic properties of CH3O-3.9-MWNTs and its deprotection. (D) Comparison of the acidic

OER activity of the present MWNTs and other catalysts: Tafel slope versus η10 diagram
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3 | CONCLUSIONS

In summary, we have developed a class of highly effi-
cient, stable, and low-cost acidic OER electrocatalyst
based on metal-free carboxylic MWNTs, which show
the best OER performance (a low overpotential of
265 mV at a current density of 10 mA cm–2 and a small
Tafel slope of 82 mV dec–1) among all metal-free elec-
trocatalysts in acidic conditions reported to date, and
comparable to those of RuO2 and IrO2 benchmark cata-
lysts. Our experimental observations combined with
the theoretical calculations revealed a novel OER
mechanism for the carboxyl-enriched MWNTs, in
which the carboxyl group lowers the energy barrier for
water splitting via the formation and hydrolysis of a
lactone. From a kinetic point of view, the introduction
of carboxylic groups is beneficial for improving the
hydrophilicity of the CNTs, and strengthening the
interactions between catalyst and reactants. Thermody-
namically, the carboxylic groups participate in the
OER process via the formation and hydrolysis of a lac-
tone, which lowers the energy barrier for the OER
reaction. The methodology developed in this study is
quite general, which can be used to design and develop
new carbon catalysts for OER and other reactions
important to high-performance water splitting, metal-
air batteries and beyond.

4 | EXPERIMENTAL SECTION

4.1 | Chemicals

MWNTs prepared using Ni as the catalyst were pur-
chased from Beijing Deke Daojin Science and Technology
Co., Ltd. (China). All other chemicals were purchased
from Sigma-Aldrich. Milli-Q-purified water with a resis-
tance of 18.2 mΩ at 25�C was used throughout the study.

4.2 | Characterization

The morphologies of the composites were determined
using scanning electron microscopy (SEM, Hitachi S-
4800, Japan) and transmission electron microscopy
(TEM, FEI Tecnai G2 F30, USA). X-ray photoelectron
spectroscopy (XPS, ESCALAB 250xi, USA) was used to
analyze the composition and valence states of the cata-
lysts. The hydrophilicity of the materials was measured
by a contact angle meter (DSA25, German Kruss).
Raman spectra were recorded using a Hormonal
HR800 Raman microscope with a 633 nm excitation
source.

4.3 | Synthesis of o-MWNTs and COOH-
3.9-MWNTs

The o-MWNTs were first prepared by dissolving 100 mg
of MWNTs in piranha solution (10 ml of 98% H2SO4 and
3 ml of 30% H2O2) in a round-bottom flask (50 ml). The
mixture was stirred gently at 22�C for different times:
10, 15, 20, 25, and 30 h. The corresponding o-MWNTs
were then collected by centrifugal separation, washed
thoroughly with water and ethanol until the pH became
neutral, and then dried under vacuum overnight.

The as-obtained o-MWNTs were further treated
through a simple hydrothermal reaction, by adding 15 ml
of ultrapure water with intense sonication for approxi-
mately 1 h. The o-MWNTs were then transferred into a
Teflon-lined autoclave and reacted at 180�C for 12 h. The
COOH-3.9-MWNTs products were then collected by
repeated centrifugation and washing with water and eth-
anol, followed by drying under vacuum overnight. The
compared samples were synthesized with the similar pro-
cesses by changing hydrothermal temperature and
reaction time.

4.4 | Synthesis of Ni/MWNTs

Ni/MWNTs samples were synthesized through a facile
hydrothermal method as follows: 27.4 mg of Ni(NO3)2
�6H2O was dissolved in glycol and sonicated for approx-
imately 30 min. Subsequently, 4 ml of sodium hydrox-
ide (1 M) solution and 10 mg of MWNTs were added to
the above mixture with vigorous stirring for approxi-
mately 1 h. The as-obtained suspension was transferred
into a Teflon-lined autoclave and reacted at 110�C for
4 h. Finally, the resulting product was filtered, washed,
dispersed in ethanol, and then dried under vacuum
overnight.

4.5 | Synthesis of methyl benzoate and
esterification of MWNTs (CH3O-
3.9-MWNTs)

A 1.22 g (0.01 mol) amount of benzoic acid was dissolved
in 50 ml methanol in a 100 ml round-bottom flask. Then,
2 ml concentrated sulfuric acid (98%) was added
dropwise to the solution in an ice bath, with vigorous
stirring for 5 min. After that, the mixture was transferred
into an oil bath and refluxed for 3 h. After cooling, the
excess methanol was evaporated under vacuum. The
remaining liquid was partitioned with water/ethyl acetate
(EtOAc), washed with water until neutral pH, and dried
over MgSO4; then, the solvent was removed to yield a
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colorless oil. 1H NMR (400 MHz, CDCl3) δ = 8.04
(d, J = 7.1 Hz, 2H), 7.54 (t, J = 7.4 Hz, 1H), 7.43
(t, J = 7.6 Hz, 2H), 3.91 (s, 3H). 13C NMR (100 MHz, CDCl3
) δ = 167.2, 133.0, 130.2, 129.7, 128.4, 52.2; IR (KBr): 2960,
2918, 2867, 1616, 1415, 1359, 1273, 1206, 1079, 770 cm–1.

COOH-3.9-MWNTs were functionalized with CH3O
group (designated as: CH3O-3.9-MWNTs). The CH3O-
3.9-MWNTs samples were synthesized by a similar
method. After stirring for 3 h, the mixture was washed
with deionized water until neutral pH and dried under
vacuum.

4.6 | Deprotection of CH3O-3.9-MWNTs

Fifty milligrams of CH3O-3.9-MWNTs was stirred in
25 ml 1.0 M NaOH solution under 60�C for 5 h in a
100 ml round-bottom flask. Then the pH was adjusted
to 1 by dropwise adding HCl. After stirring for another
5 h, the deprotection MWNTs (COOH-3.9-MWNTs-
deprotection) was obtained by centrifugation with
deionized water until neutral pH and dried under
vacuum.

4.7 | Synthesis of N,N-diethylbenzamide

After dissolving 5.8 ml (0.056 mol) diethylamine in 10 ml
anhydrous tetrahydrofuran (THF) in a 100 ml round-
bottom flask, 1.67 (0.07 mol) NaH was introduced in the
solution with vigorous stirring for 30 min. Then, 5 ml
benzoyl chloride was dissolved in 10 ml anhydrous THF
and the as-prepared solution was added dropwise to the
above mixture with stirring for 1 h at room temperature.
After that, the solvent was evaporated and the residue
was partitioned with water/EtOAc. Then, the organic
layer was dried over MgSO4 and the solvent was removed
to yield a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.31
(m, 5H), 3.48 (m, 2H), 3.19 (m, 2H), 1.18 (m, 3H), 1.04
(m, 3H). 13C NMR (100 MHz, CDCl3) δ 171.2, 137.2,
129.0, 128.3, 126.2, 43.2, 39.2, 14.1, 12.8; IR (KBr): 3068,
3000, 2953, 1729, 1600, 1450, 1276, 1176, 1107, 1065 cm–1.

4.8 | Synthesis of amide-functionalized
MWNTs (amine-3.9-MWNTs)

COOH-3.9-MWNTs were functionalized with amine
group (designated as: amine-3.9-MWNTs). In a 50 ml
round-bottom flask, 10 mg COOH-3.9-MWNTs was
mixed with 2 ml thionyl chloride (SOCl2) and 50 μl
DMF under vigorous stirring and refluxed for 6 h. The
excess SOCl2 was then removed to obtain MWNTs

functionalized with acyl chloride. The amine-3.9-MWNTs
were obtained by replacing benzoyl chloride in the above
MWNTs functionalized with acyl chloride. After stirring
for 1 h, the mixture was washed with deionized water
until neutral pH and dried under vacuum.

4.9 | Electrochemical measurements

After dispersing 4 mg of the treated COOH-3.9-MWNTs
in N,N-dimethylformamide (DMF, 1 ml) solution, 20 μl
of 5 wt% Nafion was added to the mixture, followed by
sonication for 30 min to form a homogeneous ink.
Twenty microliters of the COOH-3.9-MWNT ink were
used to modify the surface of a glassy carbon electrode
(GCE) and dried in a bulb. All electrochemical measure-
ments were carried out on a CHI 760E electrochemical
workstation (CH instruments, Shanghai Chenhua Instru-
ment Corp., China) with a typical three-electrode config-
uration consisting of a GCE modified with the COOH-
3.9-MWNT catalyst, a Pt auxiliary electrode, and an
Ag/AgCl reference electrode with 0.5 M H2SO4 or 0.1 M
HClO4 solution as the electrolyte. Polarization curves
were recorded using linear potential sweeps at a typical
scan rate of 10 mV s�1. All rotating ring-disk electrode
(RRDE) voltammograms were recorded at a rotating rate
of 1600 rpm. The reported potentials are referenced to
the RHE, by converting the obtained potentials
(vs. Ag/AgCl) to the RHE scale using the following
equation: Evs. RHE = Evs. Ag/AgCl + 0.198 V + 0.059
pH. Electrochemical impedance spectroscopy (EIS) mea-
surements were performed in an electrolyte solution of
0.5 M H2SO4, with a frequency range from 0.1 to 105 Hz
and an AC probe amplitude of 400 mV. The Mott–
Schottky curves were collected from 0.4 to 0.9 V versus
RHE at the frequency of 1000 Hz in Ar-saturated 0.5 M
H2SO4. The produced O2 via OER process was quantified
by gas chromatography (GC, 7890B, Ar carrier, Agilent).

4.10 | RRDE measurements

The oxygen generated and detected on the disk electrode
during the anodic polarization scan was reduced on the
Pt ring electrode at a constant potential of 0.4 V versus
RHE by the oxygen reduction reaction (ORR). The collec-
tion efficiency (N) of the RRDE was determined to be
37%.28 During the Faradaic efficiency measurements, the
glassy carbon disk potential was set at 1.4 V versus RHE
to enable the OER to proceed: 2H2O!O2þ4Hþþ4e�:
The generated oxygen was detected on the Pt ring disk
through the ORR process. The Faraday efficiency was cal-
culated using the following equation: FE¼ jORR

jOER�N
�100%,
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where jORR and jOER are the stabilized current densities
obtained on the Pt ring and glassy carbon disk, respec-
tively. The H2O2 detection was also performed by apply-
ing the ring potential of 1.5 V versus RHE on RRDE.

4.11 | Calculation of electrochemically
active surface areas

The ECSA of the COOH-3.9-MWNT electrodes was
estimated from the electrochemical double-layer
capacitance (Cdl) of the catalytic surface. The latter
was determined from the scan rate dependence of CVs
carried out in a potential range of 0.9–1.2 V versus
RHE, where no Faradaic current is present, at various
scan rates (20–120 mV s–1). In particular, Cdl was
obtained as half the slope of a plot of the current den-
sity ( j) difference between anodic and cathodic sweeps
( janodic � jcathodic) at 0.1 V versus RHE against the scan
rate. Then, the ECSA value was calculated from Cdl

according to the following equation:

ECSA¼ Cdl mFcm�2ð Þ
40μF cm�2 per cm2

ECSA
,

where the denominator represents the specific capaci-
tance value for a flat standard with 1 cm2 of real
surface area.
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