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ABSTRACT

This study examines the effect of pretreatment and doping to enhance the ORR

activity of multiwalled carbon nanotubes (MWCNTs). Melamine and thio-urea

are chosen as precursors for mono and co-doping, respectively. A series of

samples with pristine and pretreated CNTs are prepared and characterized

physicochemically by Raman spectroscopy, X-ray photoelectron spectroscopy

(XPS) and transmission electron microscopy (TEM) and electrochemically by

cyclic voltammetry (CV) and linear sweep voltammetry (LSV). The obtained

results show that co-doping is an effective way for improving ORR activity, due

to the synergistic effect of N and S for changing the charge and spin density,

respectively. Moreover, thio-urea favors the proportion of pyridinic and gra-

phitic nitrogen configurations within doped samples. As a consequence, our

synthesis method gives samples with superior ORR activity. The maximum

ORR activity is obtained for NS-OX-CNTs which shows an over potential of

0.95 V vs RHE at 0.1 mA/cm2, which is comparable to Pt/C (0.98 V vs RHE).

The electron transfer number (n) is calculated as 3.9 at 0.4 V which suggests that

the ORR proceeds through a dominant 4 e- path. These comparable half-cell

results to that of Pt/C pave the way for further testing as cathode materials for

anion exchange membrane fuel cells (AEMFC).
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GRAPHICAL ABSTRACT
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Introduction

In contrast to the acidic medium, a lot of catalyst

materials can be used under basic medium with high

efficiency such as non-precious metal catalysts or

metal-free catalysts [1]. For instance, oxygen reduc-

tion reaction (ORR) is known as a key reaction for

many electrochemical devices such as fuel cells and

metal–air batteries [2]. In acidic medium, ORR is

sluggish and requires noble catalysts like Pt to occur

[3]. However, ORR has a lower overpotential in

alkaline medium than in acidic medium, which

allows the use of Pt-free catalysts [4]. This interest has

led significant development in the catalysis research

focusing on non-precious metal catalysts and metal-

free catalysts.

Over the past decade, significant progress has been

observed in the development of non-precious metal

catalysts and metal-free catalysts for ORR due to their

low cost and enhanced stability [5]. Although some

Co (cobalt)- and Fe (iron)-based catalysts have shown

remarkable ORR activity in AEMFC, they often suffer

from dissolution and/or agglomeration during fuel

cell operation, limiting thus further development in

fuel cell technology [6]. These limitations have driven

to the development of carbon nanomaterial-based

catalysts which have good thermal, mechanical and

catalytic properties. MWCNTs, with abundant free

flowing electrons, are particularly suitable as ORR

catalysts [7]. However, these electrically neutral sp2

carbons reduce the oxygen via 2e- path producing

peroxide intermediates [8]. This is why modifying the

electronic structure of MWCNT framework by

chemical treatment is required to favor its ORR

activity [9]. Till date, heteroatom doping is suggested

as the best modification strategy for MWCNTs.

Electronegative atoms like N, S, B are identified as
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potential candidates to dope in sp2 carbon framework

due to their similarity in atomic size with carbon.

Nitrogen has higher electronegativity (3.04) than

carbon (2.55), and the substitution of N in the carbon

framework could induce the change in charge dis-

tribution of neighboring carbon atoms [10]. Hence,

the carbon atoms adjacent to the inserted N atom are

the active sites for ORR in nitrogen-doped carbon

nanotubes (N-CNTs). On the other hand, sulfur-

doping (S-doping) is also an effective way to increase

the ORR activity of carbon materials [11]. Unlike

nitrogen, sulfur has an electronegativity almost sim-

ilar to that of carbon, and hence, its influence on the

charge density of carbon is insignificant after doping

[12]. But S-doping can alter the spin density of CNT

framework and thus creates active sites for the

chemisorption of O2 [13]. That is why breaking the

electrical neutrality of carbon framework and creat-

ing charged sites for the possible adsorption of oxy-

gen molecules is a key factor to promote ORR activity

on carbon-based metal-free catalysts. N-doping,

S-doping and NS co-doping are largely explored in

graphene-based materials and studied for their ORR

activity [14]. Although N-doped CNTs were suffi-

ciently explored, the simultaneous N and S doping

(or co-doping with one precursor) is less explored

due to the lack of synthesis methods. Two synthesis

strategies are mainly adopted to fabricate heteroa-

tom-doped carbon structures, namely in situ and ex

situ methods [15]. In situ methods involve the mixing

of heteroatom precursors during the growth of car-

bon structures (CNTs or graphene). On the other

hand, ex situ fabrication consists of a thermal

annealing of carbon support in the presence of het-

eroatom precursors. Among the two methods, ex situ

method is generally more convenient because the

synthesis conditions can be precisely controlled. In

fact, some metallic compounds are needed during the

in situ growth of carbon synthesis and their presence

can lead some misunderstanding of ORR activity

results.

Among all the doping strategies, N-doping is the

most studied. It is well known that the insertion of

nitrogen within CNTs leads different C-N configu-

rations in the honeycomb network, namely pyrolic,

pyridinic and graphitic nitrogen. Pyridinic and gra-

phitic N are suggested to enhance the ORR activity

[16]. The ORR activity of doped CNTs depends not

only on the type of dopant but also on the dopant

concentration. Zhu Chen et al. prepared N-doped

CNTs (N-CNTs) from chemical vapor deposition of

pyridine or ethylene diamine (EDA) in the presence

of ferrocene [17]. The prepared N-CNTs with EDA

showed higher nitrogen content (5.18%) than the

sample prepared with pyridine as solvent (3.41%).

Moreover, the ORR activity of the former was higher

than the latter and was comparable to Pt/C in alka-

line electrolyte. Since both samples were prepared in

the presence of ferrocene, they both contained 1%

trace amounts of iron. It is interesting to ask whether

iron impurities contribute to the ORR activity or

whether the results presented are solely due to the

contribution of N-doping. On the other hand, ex situ

fabrication of N-CNTs via thermal annealing of

nitrogen source molecules can also give different

amount of nitrogen after doping step [18]. For

instance, when melamine and urea are used for CNTs

doping, the amount of nitrogen is of 4.8 vs 0.8,

respectively, for melamine and urea [19]. The ORR

results in alkaline medium indicated that melamine

sourced N-CNTs is more active with increased

durability.

However, multi heteroatom doping can also be an

effective strategy to enhance the ORR activity of

CNTs. In the literature, CNT-co-doping has been

studied as possible metal-free catalysts for ORR in

alkaline media, such as NF, NS and NB-co-doping

[7, 20, 21]. In fact, co-doping allows to bring some

synergy between the introduced elements and carbon

backbone. In the case of NS-co-doping for instance,

the insertion of N can impact on the charge density,

whereas the presence of S can alter the electronic

structure [22]. The combination of the both elements

can favor the catalytic activity of the obtained carbon

material. However, the co-doping may be carried out

with the use of several precursors [8] or a unique

precursor containing several desired elements. So, an

optimization has to be found like for N-doping.

In this work, we have attempted to apprehend the

single and co-doping within MWCNTs as well as its

impact on ORR activity. We have examined N-dop-

ing and NS-co-doping within MWCNTs. The NS-co-

doping was carried out with a single precursor con-

taining the both desired elements. One of the pur-

poses is to check and validate the new strategy of

doping, which can tune the electrical and structural

properties of CNTs in order to maximize the elec-

trocatalytic activity of nanocarbons through a possi-

ble mentioned synergistic effect. In addition, we were

interested in the cleaning step of carbon nanotubes
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before doping, such as the acid treatment step. This

step is often overlooked in the previous reported

literature. Such pretreatment can be important since

it could strongly impact the doping rate and conse-

quently the electrochemical activity. Eventually, this

study would provide a clear guideline for the

upcoming studies in this field.

Experimental section

Materials

MWCNTs with an average diameter of 9.5 nm and a

length of 1.5 lm were purchased from Nanocyl S.A.

(Belgium). Melamine (N source) and thio-urea (N

and S sources) with 99% of purity as well as sulfuric

acid and nitric acid were procured from ACROS

Organics. 1 M NaOH solution under ACS reagent

grade was purchased from Aldrich and used as

received. Pt/C (40 wt.% of Pt) catalyst powder was

purchased from Alfa Aesear for ORR comparison.

Nafion ionomer 20 wt.% was procured from Ion

Power�.

Purification of CNTs: preparation
of oxidized CNTs

Two hundred milligrams of as-received MWCNTs

was transferred to a round-bottomed flask containing

the mixture of sulfuric acid and nitric acid (150 mL,

volume ratio 3:1) and heated at 70 �C under contin-

ued stirring for 8 h. The reaction mixture was then

cooled to room temperature and filtered. Afterward,

the residual acid was removed by washing several

times with distilled water until the pH of the filtrate

was neutral. The pretreated MWCNTs were then

dried in a hot air oven overnight at 60 �C. The

obtained black solid is finally called Ox-CNTs. This

later was used to prepare doped CNTs.

Heteroatom doping of CNTs

Heteroatom doping was carried out by thermal

annealing as reported in the literature [23]. Pre-

weighted Ox-CNTs were dispersed in 20 mL of dis-

tilled water using an ultrasonic bath. Thio-urea was

added to this Ox-CNTs dispersion (the weight ratio

of Ox-CNTs and thio-urea was maintained as 1:15,

respectively), and the mixture was sonicated for 2 h

and kept under mechanical stirring at room temper-

ature for 24 h. The solvent was then evaporated via a

hot plate. The obtained solid powders were finely

grinded with a mortar and pestle. The gray solid was

transferred into a silica boat and kept in a tubular

furnace. Nitrogen gas was flowed through the tubu-

lar furnace for 2 h to purge and maintain the inert

atmosphere. Afterward, under continues N2 flow, the

furnace was gradually heated to 800 �C and held for

2 h before cooling the furnace at room temperature.

The obtained NS-Ox-CNTs sample was collected and

preserved in airtight vials for further experiments.

Physicochemical characterizations

All studied samples were characterized via trans-

mission electron microscopy (TEM), X-ray photo-

electron spectroscopy (XPS), thermogravimetric

analysis (TGA), Raman spectroscopy and elemental

analysis. The measurement method for each device is

described in below.

The TEM observations were carried out on a JEOL

ARM 200F-Cold FEG operating at 80 kV. The sam-

ples were dispersed in ethanol, and a drop of the

dispersion was deposited on a holey carbon-sup-

ported copper grid (200 mesh size) for analysis.

XPS spectra were collected on a Kratos Axis Ultra

(Kratos Analytical, UK) spectrometer equipped with

a monochromatic Al Ka (1486.6 eV). All spectra were

recorded at a 90� takeoff angle. The high-resolution

regions were acquired with 0.1 eV step and 20 eV

pass energy (instrumental resolution better than

0.5 eV). Curve fitting was performed using a com-

bined Gaussian and Lorentzian line profile after

Shirley’s background subtraction by Casa XPS

software.

Thermogravimetric analysis (TGA-DTG) was per-

formed with a Setaram Setsys evolution 1750 by

using dry air as the carrier gas. Temperature ramp of

5 �C.min-1 from room temperature to 900 �C was

used during the measurement.

Micro-Raman spectroscopy was carried out with a

Jobin Yvon LabRAM HR800 equipped with a CCD

detector, cooled at -70 �C. A 633 nm laser wavelength

was used as the incident beam focused on the sample

with microscope through a wide length 9 50 objec-

tive. For each sample, at least 3 spectra were recorded

from different area on the sample. For each spectrum,

a background was subtracted and the maximum

intensity of the D and the G bands were used to
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calculate the D intensity over the G intensity ratio,

ID/IG.

The elemental analysis of C, H, N, S was carried

out by X-ray fluorescence by means of a Thermo

Scientific Flash 2000 controlled by the Eager Xperi-

ence software.

Electrochemical characterization

The ORR activity of the prepared carbon catalysts

was evaluated using cyclic voltammetry (CV) and

linear sweep voltammetry (LSV) methods controlled

by an electrochemical workstation [24]. All the

experiments were performed in a three-electrode

glass cell containing 1 M NaOH equipped with Hg/

HgO reference electrode and Pt counter electrode.

Glassy carbon (GC) with 5 mm of diameter is used to

prepare the working electrode. GC was polished to

obtain mirror shining surface prior to the catalyst ink

deposition. For the all studied catalysts, the catalyst

ink (1 mg.mL-1) was prepared by dispersing the

catalyst in a water ethanol mixture (volume ratio of

3:1) with 7.5wt. % of Nafion ionomer. This mixture

was treated in an ultrasonic bath for 20 min to

achieve greater homogeneity. From this ink, 4 ali-

quots of 10 lL were successively dropped and dried

on GC surface for reaching a mass loading of

200 lg.cm-2. After drying properly, GC was fixed to

the rotating shaft and inserted in the electrochemical

cell. The NaOH electrolyte was first saturated with

nitrogen for recording the cyclic voltammogramm

reference between the potentials 0.2 to -0.6 V vs Hg/

Hgo (1 M NaOH). Then the solution was saturated

with oxygen and CV curves were recorded at the

same range of potentials. Moreover, LSV curves were

recorded on the rotating disk electrode (RDE) by

varying the rotating speed from 400 to 2500 rpm

under a same potential range. For comparison, Pt/C

(40 wt.%) was also tested under similar conditions.

At first approximation, electron transfer number

(n) was estimated from LSV curves by applying

Koutecký–Levich (K-L) equations in below [24].

id ¼ Bx�1
2 ð1Þ

B ¼ 0:62nFCO2D
2
3

O2
#�1

2 ð2Þ

x is the rotation speed, n is the electron transfer

number, F is the Faraday constant, DO2 is the diffu-

sion coefficient of oxygen (1.64 9 10–5 cm2 s-1 in 1 M

NaOH), CO2
is the concentration of oxygen

(8.4 9 10–7 mol cm-3 in 1 M NaOH), and m is the

kinematic viscosity (0.011 cm2 s-1).

Results and discussion

Oxidation/purification of CNTs

As-received CNT samples generally contain metallic

impurities resulting from synthesis conditions for

growing CNTs. Although these metallic impurities

within CNTs are supposed to be inactive for ORR

activity, their presence often leads to misinterpreta-

tion of the data as they can contribute to CNT prop-

erties such as surface area, density and conductivity.

Then, it is important to remove these impurities from

the CNT samples before measuring their electro-

chemical response. Since pristine CNTs are inert and

electrically neutral, strong acids like H2SO4 and

HNO3 are usually used to induce their activation.

Figure 1 shows TEM images of MWCNTs before

(Figs. 1a and 1c) and after oxidation (Figs. 1b and 1d)

at different magnifications. It can be seen that the

tubular structure of CNTs is not affected by the oxi-

dation. Further, from the low-magnification TEM

images, the dark particles (higher electronic density

than carbon) being the metallic impurities are present

in the pristine MWCNTs (see yellow circles on

Figure 1 TEM images of a,c pristine CNTs and b,d Ox-CNTs at

different magnifications.
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Fig. 1a) but not detectable after the oxidation by TEM

because of their low content (cf. TGA analysis, Fig. 2).

Thermal degradation of MWCNTs under air by

TGA allows i) to analyze the thermal stability of the

MWCNTs, their combustion temperature being

downshifted in the case of a weaker resistance to

oxidation, and ii) to quantify the residual metal-based

impurities coming from the catalysts used for the

MWCNT growth. Results from TGA (Fig. 2) show

that after the acidic treatment thermal, stability of Ox-

CNTs is reduced since the combustion temperature is

downshifted of 40 �C from 620 �C for pristine CNTs

to 580 �C for Ox-CNTs. Moreover, the residual mass

of the metallic impurities oxidized after TGA in Ox-

CNTs is decreased from 11% (raw MWCNTs) down

to 5% after the oxidation treatment. The content of the

(non-oxidized) metal-based impurities in Ox-CNTs,

which was not removed probably because they are

non-accessible to the oxidative reagents, is estimated

to be around 3 wt.% (cf. Supporting Information,

section I).

XPS results show that the treated samples (Ox-

CNTs) contain around 8% of oxygen atoms while

pristine CNTs show only around 1% of oxygen

(Supporting Information, Table S1 and Figure S1,

Sect. 2) in agreement with an efficient oxidation

occurrence by the applied acid-based treatment.

Deconvoluted C 1 s and O 1 s signals of Ox-CNTs

(Fig. 3) reveal the presence of carbonyl, hydroxyl and

carbonyl functional groups (C = O, C–OH, COOH)

[25, 26]. The used acid-based method has the

advantage to both clean and purify the CNTs and

induce an efficient oxidation of the CNTs in a one-pot

process.

Heteroatom-doped CNTs

N-doped and NS-co-doped samples were prepared

with melamine and thio-urea, respectively: melamine

as unique nitrogen source and thio-urea as both

nitrogen and sulfur source as depicted in Scheme 1.

In order to study the impact of the pretreatment on

MWCNTs, N-doped and NS-co-doped samples were

prepared with oxidized MWCNTs (Ox-CNTs) and

as-received MWCNTs (CNTs). The obtained samples

were named N-CNTs and NS-CNTs for the pristine

MWCNTs doped with melamine and thio-urea,

respectively. The samples N-Ox-CNTs and NS-Ox-

CNTs were named for the oxidized MWCNTs (Ox-

CNTs) doped with melamine and thio-urea, respec-

tively. In addition, the doping method remains the

same for the both Ox-CNTs and pristine CNTs and

the both sources as precursors.

Morphological characterization of heteroatom-doped CNTs

Figure 4 shows the TEM images for N-Ox-CNTs and

NS-Ox-CNTs. It has to be noted that at high magni-

fication, introduction of defects in the MWCNT walls

is clearly noticed for N-Ox-CNTs and NS-Ox-CNTs

(see yellow circles on Figs. 4c and 4d) in agreement

with occurrence of the expecting covalent function-

alization and grafting of oxygen-containing groups

by oxidation and their doping since both chemical

modifications are expected to damage the MWCNT

walls. In general, the defects present in carbon

nanomaterials are favorable for the ORR; for exam-

ple, electronic state of the material is extremely

improved at the topological defects [27]. It is estab-

lished that the active sites for ORR in carbon mate-

rials are induced by the defect sites; further, the

electronic state near the fermi level of MWCNTs can

be altered by the crystal strain which can be induced

through edges or basal plane defects. Therefore, the

defects at the surface of MWCNTs and its engineer-

ing play a vital role toward the ORR properties of

heteroatom-doped CNTs.

Raman spectroscopy is a powerful and widely

used technique for chemically modified CNTs since it

allows to evidence CNT damaging upon covalent

functionalization. The G band found around

1575 cm-1 characterizes sp2 carbon of crystalline
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graphite, in particular in-plane vibration of sp2-bon-

ded carbon network [25]. The D band around

1320 cm-1 appears in a defected or disordered crys-

talline graphite. The ratio between the intensities of

the D and G bands (ID/IG) is commonly used to

quantify the disorder or introduction of defects in the

sp2 honeycomb structure. Figure 5 shows typical

Raman spectra of pristine CNTs, Ox-CNTs, N-Ox-

CNTs and NS-Ox-CNTs. The mean ID/IG ratio of the

pristine MWCNT sample is 1.96 (± 0.07). After oxi-

dation and subsequent doping, as expected, ID/IG
has significantly increased up to 2.27 (± 0.01), 2.43

(± 0.09) and 2.63 (± 0.07). ID/IG evolves as follows:

ID/IG (CNTs)\ ID/IG (Ox-CNTs)\ ID/IG (N-Ox-

CNTs)\ ID/IG (NS-Ox-CNTs), in agreement with

introduction of defects under the form of oxygen-

containing groups grafted to the CNT walls by acid

oxidation and further introduction of N or N/S

within the CNT framework by doping.

Elemental analysis of heteroatom-doped CNTs

According to the literature, the amount of the doped

element and its precise configuration can have a great

of influence on ORR activity. Table 1 summarizes the

amount of four chemical elements (C, H, N and S)
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Scheme 1. Schematic representation of oxidation and subsequent heteroatom doping methods.
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contained within the all carbon samples studied in

this work from elemental analysis. It is observed that

doping occurs whatever the initial state of CNTs.

However, the rate of doping is more than doubled

when oxidized CNTs were used. This fact can be

explained by defects introduced during the acid

treatment leading to improvement of MWCNT

chemical reactivity.

As the Ox-CNTs doped materials appear to be

more interesting than the untreated CNTs, further

analysis was done for a better understanding of these

prepared samples. For instance, Figures S2 and S3

show the XPS survey spectra of N-Ox-CNTs and NS-

Ox-CNTs, the presence of N (at around 400 eV) and

N,S (at around 400, 162 eV, respectively) is identified

in the former and latter, respectively. Further

deconvolution of N 1 s spectra of N-Ox-CNTs and

NS-Ox-CNTs is shown in Figs. 6a and b which clearly

highlights the four types of N environments at

around 400 eV such as (i) pyridinic nitrogen, (ii)

pyrolic nitrogen, (iii) graphitic nitrogen and (iv) oxide

nitrogen. It is well known that the chemical

states/configurations of N affect the ORR activity in

different ways. Nitrogen types (i) and (iii) have been

reported to be more active for ORR while nitrogen

types (ii) and (iv) are less pronounced [28]. By

deconvoluting N 1 s spectra of N-Ox-CNTs and NS-

Ox-CNTs, the proportion of each nitrogen configu-

ration is gathered in Table 2. The results reveal that

nitrogen types (i) and (iii) are mainly represented in

the doped samples (75% vs 90% for N-Ox-CNTs and

NS-Ox-CNTs, respectively). The impact of this pref-

erential nitrogen doping was further investigated by

ORR measurements described below.

Contrary to the well-studied nitrogen configura-

tions within doped carbon materials, the bonding

configurations of S with C (Fig. 6c) in the NS-Ox-

CNTs sample can be solely described as C-S 2p3/2 at

163.9 eV, 2p1/2 at 165.3 eV and C-SOx-C at 168.7 eV

[29].

Electrochemical results

Cyclic voltammogramms were recorded in 1 M

NaOH saturated nitrogen (black curves) or saturated

Figure 4 TEM images for a,c N-OX-CNTs b,d NS-Ox-CNTs.

Figure 5 Raman spectra for pristine CNTs and functionalized

CNTs.

Table 1 Elemental analysis of the studied samples by X-ray

fluorescence

Sample C (%) H (%) N (%) S (%)

Pristine CNTs 87.7 0.31 – –

Ox-CNTs 78.7 0.66 – –

N-CNTs 86.8 – 1.06 –

N-Ox-CNTs 91.02 – 2.84 –

NS-CNTs 83.05 0.25 1.0 0.24

NS-Ox-CNTs 87.05 0.33 2.2 0.93
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oxygen (red curves) at 0 rpm (Fig. 7). The current

density expressed here is calculated with the geo-

metric area of the electrode (glassy carbon with a

5 mm diameter). The CV measurement with nitrogen

is to do a blank and to check that nothing has

occurred in the ORR area. Figure 7 (dark curves)

shows well that no significant and characteristic

peaks of reduced or oxidized species were observed

for all studied samples. When the solution was sat-

urated with oxygen, an ORR peak around 0.8 V is

detected for all samples suggesting here that all

studied samples have an ORR activity. Of course, this

result is expected for doped samples and the rather

high intensity of the ORR peak (near 0.7 –

0.8 mA.cm-2) comforts us on the purpose of the

modification. However, the presence of a small ORR

peak (near 0.3 mA.cm-2, at 0.78 V) observed on

pristine CNTs can be rationalized by its (i) initial

defect or disorder and (ii) metallic impurities.

Figure 8 shows the LSV (linear sweep voltamme-

try) curves of the measured samples at 1600 rpm. The

curves allow to estimate the onset potential and the

electron transfer number (n) during ORR. The ORR

onset potential was measured at -0.1 mA.cm-2 [23],

and it is considered to compare the activity of the

synthesized catalysts with the one of Pt/C (Table 3).
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Figure 6 Decomposed XPS spectra of a N 1s in N-Ox-CNT, b N 1s of NS-Ox-CNT, c S 2p of NS-Ox-CNT.

Table 2 Quantification of

different N functionalities in

N-Ox-CNTs and NS-Ox-CNTs

from XPS

Sample Pyridinic-N (%) Pyrolic-N (%) Graphitic-N (%) N-Oxide (%)

N-Ox-CNTs 42 16 33 9

NS-Ox-CNTs 48 8 42 2
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As expected, the ORR onset potential for co-doped

CNTs was shifted to higher potential compared to

single atom-doped CNTs and pristine CNTs. It is

interesting to note that N-Ox-CNT and NS-Ox-CNTs

have shown significantly positive onset potential in

comparison with their respective un-oxidized

Figure 7 CV curves recorded for a pristine CNTs, b N-Ox-CNTs, c NS-Ox-CNTs and d Pt/C in N2 and O2 saturated 1 M NaOH.

Table 3 Electrochemical characteristics of heteroatom-doped CNTs compared with pristine CNTs and Pt/C

Samples Over potential (V) @

0.1 mA/cm2

Limiting current density @0.4 V

(mA/cm2)

Half-wave potential

E1/2 (V)

Electron transfer

number (n)

ECSA

(cm2)

Pristine

CNTs

0.83 1.2 0.74 2 0.87

N-CNTs 0.86 2.3 0.82 2.7 3.74

NS-CNTs 0.89 2.6 0.83 2.9 5.26

N-Ox-

CNTs

0.92 2.8 0.84 3.70 5.63

NS-Ox-

CNTs

0.95 3.3 0.88 3.95 9.06

Pt/C 0.98 3.3 0.88 4 –
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versions (N-CNTs, NS-CNTs). The onset potential of

NS-Ox-CNTs (@-0.1 mA/cm2) is very much similar

to that of Pt/C suggesting that oxidation and co-

doping are an effective way to tailor the electro-

chemical properties of CNTs.

These results emphasize the beneficial effect of

doping on CNTs and also highlight the synergy effect

of co-doping on the electrochemical properties of

CNTs. It is interesting to note that the oxidized CNTs

have lower ORR activity compared to pristine CNTs

due to the removal of any interfering metal atoms

during the oxidation treatment.

Electron transfer number (n) during ORR can be

estimated by varying the rotating rate of the rotating

disk electrode (RDE). This number informs us on the

possible way that ORR occurred within the catalyst.

Theoretically, electron transfer number during ORR

in an alkaline medium can be described via two

mechanisms either (1) by 4 electrons pathway in

which the oxygen molecule is directly reduced into 4

OH- or (2) by 2 ? 2 electrons pathway in which one

hydrogen peroxide molecule in HO2
- form acts as an

intermediate species (see equations in bottom).

Since the indirect way generates intermediate

species, the direct way with 4 electrons is generally

preferred over the indirect way.

1. Direct way: O2 ? 4e- ? 2H2O = 4OH.-

(E� = 0.401 VSHE at 298 K)

2. Indirect way: O2 ? H2O ? 2e- = HO2
--

? OH.-(E� = -0.065 VSHE at 298 K)

HO2
- ?2e-?H2O = 3OH-(E�=0.867 VSHE at

298K)

However, there is not a lot of ways to determine n.

The classical method is using a RDE and then

extracting n from LSV curves by applying K-L

equations. In the case of Pt/C for instance, LSV

curves are first plotted at different rotating speed (x
in rpm) and under a same potential range (Fig. 9 (d).

It is observed that the rotation speed increases the

current density due to a better mass transport. At

second, we have to plot the current density according

to x-1/2 as expressed in Eq. 1. At third, the number of

transfer electron is calculated via the value of the slop

of the K-L curve (Fig. 9(h)) and the Eq. 2.

In order to estimate the electron number of our

prepared carbon samples, we have applied the same

method as for Pt/C (Fig. 9 (a) to (f)). Due to the dif-

ference in material properties, the electrochemical

response is not the same especially at low potential.

As CNTs materials are porous, the retention time of

species produced during ORR can be higher in

comparison with smooth and flat electrode like Pt.

For porous materials, the plateau at low potential

(Fig. 9g) becomes a slop (Fig. 9a, c, e) at each applied

speed and current depends on the chosen voltage

[30]. In that case, there is not a unique n according to

the range of potential. The electron transfer number

(n) for all the prepared samples has been calculated at

0.4 V and is represented in Table 3. The maximum n

values are obtained for undoped CNTs which are

close to 2 indicating a dominant 2 ? 2 electrons

mechanism (indirect way)2e-, while NS-OX-CNTs

show a maximum n of 3.95 which is comparable to

Pt/C (n = 4) being the sign that the ORR proceeds

through 4e- process (direct way) on NS-OX-CNTs.

Double-layer capacitance (Cdl) is estimated for the

prepared samples by performing the CV in non-

faradic region and at different voltage sweeps (20–

100 mV s-1) as shown in Figure S4 (Supporting

Information, Sect. 4). Electrochemical active surface

area (ECSA) is calculated from the double layer

capacitance using the equation below [31].

ECSA ¼ Cdl

Cs
ð3Þ

where Cdl is the double-layer capacitance and Cs is

the specific capacitance of the material which is

reported as 0.040mF/cm2[32, 33].

In addition, the ECSA for all heteroatom-doped

CNTs is higher than that of the pristine CNTs. It is

noteworthy that the ECSA is higher for N-Ox-CNTs

Figure 8 LSV data recorded in 1 M NaOH (O2 saturated) for

pristine CNTs, oxidized CNTs and heteroatom-doped CNTs

compared with commercial Pt/C at 1600 rpm.
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and NS-OX-CNTs compared to their analogues

N-CNTs and NS-CNTs due to the greater number of

accessible electrochemically active sites that are

resulted from oxidation and successive heteroatom

doping.

It is noteworthy that the result obtained for the

prepared electrocatalysts is comparable with recently

reported heteroatom-doped CNTs-based materials in

terms of onset potential and electron transfer number

and is listed in Table 4.

From the illustrated results, it is pointed out that

(i) ORR occurred via a 2 ? 2 electrons mechanism (by

an indirect route) within undoped CNTs, (ii) both

doped materials have a mixed of electron transfer

mechanisms (4 electrons pathway direct route and

2 ? 2 electrons mode) during ORR and (iii) the

(e) (f)

(g) (h)

(a) (b)

(c) (d)

Figure 9 LSV curves and

K-L plots for a,b pristine

CNTs, c,d N-Ox-CNTs,

e,f NS-Ox-CNTs, g,h Pt/C.
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number of transfer electron of NS-Ox-CNTs is com-

parable to the one of Pt/C at 0.4 V. Based on this

observation, we can stand that co-doping is indeed a

better strategy than single doping for improving

ORR.

Conclusions

The goal of improving ORR activity of MWCNTs

(CNTs) can be achieved by acid pretreatment and

heteroatom doping (N-doping and NS-co-doping).

This study reveals that the applied acid-based

method is very efficient to remove unwanted impu-

rities remaining in the pristine CNTs as well as to

induce oxygen-containing functional groups within

the MWCNT framework. As a consequence, the

amount of doping element is increased when used

pretreated CNTs. Melamine and thio-urea were

compared as mono-source (N) and co-sources (NS)

elements for doping. The comparison of N-doping

and NS-co-doping highlights the synergy effect of

two different heteroatoms over a unique heteroatom.

In fact, N can promote density charge change,

whereas S can promote spin density change. More-

over, a higher amount of pyridinic and graphitic

nitrogen is measured when thio-urea is used for

doping. The combination of N and S interaction and

the rich proportion of pyridinic and graphitic func-

tionalities within CNTs favor considerably ORR

activity in terms of EONSET and the number of elec-

tron transfer (n). As a result, the electrochemical

response of the prepared NS-Ox-CNTs sample is

close to the commercial Pt/C. This encouraging result

envisions AEMFC tests with this Pt-free catalyst at

the cathode side and also the development of other

metal-free catalysts.
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