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All carbon hybrid N-doped carbon dots/carbon
nanotube structures as an efficient catalyst for the
oxygen reduction reactiony

Anh Thi Nguyet Nguyen @ and Jun Ho Shim®*

This paper reports the facile and scalable synthesis of hybrid N-doped carbon quantum dots/multi-walled
carbon nanotube (CD/CNT) composites, which are efficient alternative catalysts for the oxygen reduction
reaction (ORR) in fuel cells. The N-doped CDs for large-scale production were obtained within 5 minutes via
a one-step polyol process using ethylenediamine (ED) in the presence of hydrogen peroxide as an oxidizing
agent. For comparison, different CDs were also prepared using ethylene glycol (EG) and ethanolamine (EA)
in the same manner. Physicochemical characterization suggested the successful formation of a CD(ED)/
CNT hybrid without individual CD(ED)s and CNTs. The N-doped CD(ED)/CNT catalyst exhibited excellent
electrocatalytic activity in an alkaline solution compared to other composites (CD(EG)/CNT and CD(EA)/
CNT). The Tafel slope (—60.9 mV dec™?) and durability (~9.1% decay over 10 h) for CD(ED)/CNT were
superior to high-performance Pt/C catalysts. The electrochemical double-layer capacitance on the
CD(ED)/CNT hybrid showed apparent improvement of the active surface area because of N-doping and
highly decorated CDs on the CNT wall. These results provide an innovative approach for the potential
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Introduction

The demand for competitive alternatives to precious platinum
as highly active oxygen reduction reaction (ORR) electro-
catalysts has increased because the commercial applications of
Pt-based catalysts are limited by their high cost, CO deactiva-
tion, and poor durability.'? Several strategies have been
explored to replace commercial Pt-based catalysts with metal-
free carbon materials. Metal-free-based catalysts possess desir-
able properties such as high electrical conductivity, high surface
area and relatively good stability.*® In addition, they are inex-
pensive, environmentally friendly, and durable in acid and
alkaline media.*”” Moreover, carbon materials modified by
heteroatom doping (such as boron (B),*® phosphorous (P),'**>
nitrogen (N),"*™* and sulfur (5)****) show the improved elec-
trocatalytic activity of carbon-based materials. This is because
the embedded heteroatoms can alter the local spin or charge
density considerably by producing an irregular charge distri-
bution in the adjacent sites, thereby enhancing the electronic
conductivity and promoting adsorption and activation of
molecular oxygen.>***

In the carbon material family, carbon quantum dots (CQDs,
C-dots, or CDs) as a new class of zero-dimensional nanocarbon

Department of Chemistry and Institute of Basic Science, Daegu University, Gyeongsan
38453, Republic of Korea. E-mail: junhoshim@daegu.ac.kr
(ESI) available. See DOI:

+ Electronic  supplementary information

10.1039/d1ra01197a

12520 | RSC Adv, 2021, 11, 12520-12530

application of all carbon hybrid structures in electrocatalysis.

with sizes below 10 nm, showed good solubility, low cytotox-
icity, great compatibility, and simple synthesis, and could be
functionalized with surface passivation.>**” CDs have highly
defective oxygen-containing moieties that are distributed
randomly at the basal plane and edge sites. Moreover, CDs have
been widely employed in solar cells,*® electrochemical capaci-
tors,* optoelectronic devices,* drug delivery,* fluorescent bio-
imaging,”* and sensors*® because of their strong quantum
confinement and edge effects. Unfortunately, the applications of
CDs in oxygen-involving reactions are limited by their poor elec-
trical conductivity. In addition, CDs tend to aggregate, which
restricted the exposure of the active sites and electron transfer.*
Accordingly, great developments have been made to enhance their
dispersion and electrocatalytic activity by decorating CDs on
a conductive substrate, such as graphene,****® graphene nano-
ribbons,* and multi-walled carbon nanotubes.***

J. Zhang et al.** synthesized nitrogen-doped carbon quantum
dots/multiwall-carbon nanotube-supported Pt (Pt/NCQD-
MWCNT), which exhibited 1.3 times higher activity for meth-
anol electrooxidation than Pt/MWCNT, highlighting the
enhanced catalytic activity with the addition of NCQDs. Never-
theless, this hybrid material has not been used as an ORR
electrocatalyst. The presence of noble-metal Pt remains a chal-
lenge to develop metal-free catalysts with high activity, low cost,
and strong durability that can be produced under mild condi-
tions. X. Zhou et al.** reported that a novel metal-free electrode
composed of graphene quantum dots (GQDs) and MWCNT
enhanced the electrocatalytic activity toward the ORR, improved

© 2021 The Author(s). Published by the Royal Society of Chemistry
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long-term durability, and showed excellent resistance to the
crossover effect compared to commercially available Pt/C cata-
lysts. On the other hand, the ORR performance of this
composite is still low. Furthermore, carbon quantum dots
synthesis is a time-consuming process. Thus far, the effects of
different CQDs precursors have not been studied systematically.

Over the past few decades, studies of the structure, proper-
ties, and applications of one-dimensional (1D) multi-walled
carbon nanotubes (CNTs) have been a hot topic in nanotech-
nology, particularly in electrochemical fields because of their
superior electrical conductivity, high chemical stability, and
large surface area. On the other hand, the inherent inertness of
the CNT wall is a significant challenge in depositing particles
uniformly over the surface of CNTs. Therefore, CNT surfaces
need to be modified to improve the dispersibility of nano-
particles. According to an excellent review,*” the decoration of
CNTs can be carried out directly on the CNT surface or con-
necting particles with CNTs by (a) covalent linkage, (b) hydro-
phobic interactions and hydrogen bonds, (c) w-stacking, and (d)
electrostatic interactions. Many studies have reported that
functionalized CNTs decorated with metal atoms can be a good
candidate for energy storage systems.**® On the other hand,
only a few achievements for the decoration of CNTs using CDs
as precursors have been reported because of the semi-
conductivity of CDs.

In this study, a novel metal-free defect-rich carbon quantum
dots/multi-walled carbon nanotubes (CD/CNT) composite
was developed as a highly efficient alternative catalyst for
ORR using a facile refluxing approach. N-doped CDs for
large-scale production were obtained using a simple one-step
polyol process within 5 minutes using ethylenediamine (ED)
in the presence of H,O, as an oxidizing agent. For compar-
ison, different CDs were also prepared using ethylene glycol
(EG) and ethanolamine (EA) in the same manner. Highly N-
doped CDs provide more active edges and defect sites.
CNTs, which act as a conducting substrate, may facilitate
electron transfer and prevent the aggregation of CDs to
expose more active sites for the ORR. The achieved CD(ED)/
CNT composite showed improved electrocatalytic activity
and good durability in alkaline solutions compared to other
composites. The effects of different CD precursors on the
catalytic performance of CD/CNTs, such as CD(EG)/CNT and
CD(EA)/CNT catalysts, were also investigated.

Experimental
Chemicals and characterizations

Ethylene glycol (EG), ethanolamine (EA), ethylenediamine (ED),
multi-walled carbon nanotubes (CNTs), and hydrogen peroxide
(28%, H,0,) were supplied by Duksan Co. (Korea). Commercial
Pt/C catalysts (20 wt% Pt loading) was a product of E-TEK. The
aqueous solutions were prepared with deionized water. The
morphologies of all synthesized samples were observed by
transmission electron microscopy (TEM, Philips, CM-200). The
Fourier-transform infrared (FTIR) spectra of the samples were
recorded on a Thermo Fisher Scientific Nicolet iS5 FTIR spec-
trometer. The UV-Vis absorption spectra (Shimadzu UV-1900I)
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were collected over the wavelength range of 200 nm to
500 nm. The photoluminescent (PL) spectra were examined by
a PicoQuant FluoTime 200 Compact Fluorescence Spectrom-
eter. The Raman spectra were recorded on a model XploRa plus
(HORIBA) Raman spectrometer (laser excitation at 532 nm). The
surface properties of the catalysts were analyzed by X-ray
photoelectron spectroscopy (XPS, AXIS Nova) using Al Ko
monochromatized radiation.

Synthesis of carbon dots

The carbon quantum dots (CDs) were synthesized from three
different carbon sources (EG, EA, and ED, respectively) using
a facile one-step polyol process. First, 10 mL of H,0, was
added to a 250 mL beaker containing 10 mL of EG. The
mixture was placed in a stove at 250 °C and kept for 10
minutes. During this time, the colorless solution changed to
a yellow CD colloid. The products are denoted as CD(EG). In
the same way, N-doped CDs were prepared from EA and ED
precursors, respectively, and called CD(EA) and CD(ED),
respectively. Hydrogen peroxide (10 mL) was added dropwise
to a 250 mL beaker containing 10 mL of EA. The color of the
amine precursor turned orange, and air bubbles were
generated immediately after H,O, was added. The mixture
was placed on a stove at 250 °C and kept for 7 min until a dark
brown CD(EA) colloid formed. CD(ED) was also prepared
from an ED precursor. For the synthesis of the CD(ED)
precursor, 10 mL of H,0O, was added dropwise to a 250 mL
beaker containing 10 mL of ED. The color of the amine
precursor turned dark yellow, and air bubbles were generated
immediately after the H,O, was added. The mixture was
placed on a stove at 250 °C and kept for 5 min until a dark
brown CD(ED) colloid formed. All obtained CD colloidal
products were washed using a dialysis membrane for 24 h,
and dissolved quickly in deionized water. A homogeneous
suspension of CDs was stored in the dark at room tempera-
ture for further experiments.

Synthesis of hybrid CD/CNT catalysts

The CNTs were purified by refluxing in a mixture of HNO;/
H,S0, (1 : 3) for 6 h prior to use. The suspension was diluted
fivefold in deionized water and filtered under vacuum, and then
rinsed extensively with water until the pH was in the range of 5-
6. Subsequently, the treated CNTs (tCNTs) were dried at 50 °C
under vacuum for 3 h, and stored in a desiccator for subsequent
experiments. Hybrid CD/CNT composites were prepared using
a simple wet chemical approach. Briefly, 1 mL of a CD solution
was added to 20 mL of the treated CNTs solution (0.25 mg
mL ") and ultrasonicated for 2 h. The dispersed mixture was
heated under reflux at 100 °C for 1 h. After cooling to room
temperature, the suspensions were centrifuged and washed
with water, then dried at 50 °C under vacuum overnight.
Subsequently, all samples were placed individually at the
central segment of a long quartz tube furnace, and the heating
rate was increased to 800 °C at 5 °C min " for 2 h under N, gas.
The furnace was then cooled to room temperature, and the
samples were stored until needed. The resulting products were
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Fig. 1 Schematic diagram for the preparation of CD(ED)/CNT composites.

labeled CD(EG)/CNT,
respectively.

CD(EA)/CNT, and CD(ED)/CNT,

Electrochemical measurements

All electrochemical measurements were conducted using
a standard three-electrode system at room temperature in
a 0.1 M KOH solution, which was purged with high purity N,
or O, for at least 20 min before each measurement. A satu-
rated calomel electrode (SCE), Pt wire, and glassy carbon (GC)
were used as the reference, counter, and working electrodes,
respectively. All potentials were converted to the reversible
hydrogen electrode (RHE) scale using the Nernst equation.

The electrodes used were wet-polished with 0.05-0.3 um
aluminum slurries on a microcloth, and rinsed and sonicated
in distilled water for five min to remove the residual
aluminum from the electrode surface. Typically, 2 mg of each
prepared catalyst was dispersed ultrasonically in 1.0 mL H,O.
Subsequently, 15 pL of the suspension was dropped onto the
GC surface and dried at room temperature under vacuum.
For electrochemical ORR measurements, cyclic voltammetry
(CV) was performed with a CHI 601 (CH Instruments) within
a potential range between 0.2 to 1.2 V (vs. RHE) in an O,-
saturated and N,-saturated 0.1 M KOH at a scan rate of 50 mV
s~'. A CHI 705E bipotentiostat and a rotating ring-disk

(E)
(a) (b)
CD(ED) +tCNT _ CD(ED)/CNT

—— CD(ED)
—— CD(ED) + tCNT
—— CD(ED)/ICNT

(F)

PL intensity / a.u.
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Fig. 2 TEM images of (A) tCNT, (B) N-doped CD(ED), and CD(ED)/CNT at (C) low-magnification and (D) high magnification. (E) Photos of (a)
CD(ED) + tCNT and (b) CD(ED)/CNT suspensions under normal light (left) and UV light at 365 nm (right). (F) PL spectra of CD(ED), CD(ED) + tCNT,

and CD(ED)/CNT, respectively.
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Fig. 3 (A) Absorption spectra of CDs, (B) particle size distribution
histogram of CD(ED) determined from the TEM images. (C) Raman
spectra and (D) Ip/lg ratios of (a) tCNTs, (b) CD(EG)/CNT, (c) CD(EA)/
CNT, and (d) CD(ED)/CNT.

electrode system (RRDE-3A, ALS Inc.) were also used for
linear sweep voltammetry within a potential range between
0.2 to 1.1 V (vs. RHE) at a scan rate of 10 mV s~ and rotating
speeds ranging from 400 to 3600 rpm. A GC disk (3.0 mm
diameter, 0.071 cm?) and a rotating GC disk-platinum ring
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electrode (4.0 mm diameter, 0.126 cm?®) were used as the
working electrode for the CV and RRDE experiments,
respectively.

Results and discussion

Three types of CDs (i.e., CD(EG), CD(EA) and CD(ED)) were
synthesized by a general polyol process, offering a low cost, easy
to use, and highly adaptable method for a broad range of
system. The mechanism for the formation of CDs involves the
carbonization of its constituents such as organic precursors
(EG, EA, and ED solutions). The CD/CNT catalysts were
prepared using a simple wet chemical method with three
different CDs. The hybrid catalysts with different CD contents
were labeled CD(EG)/CNT, CD(EA)/CNT, and CD(ED)/CNT,
respectively. Of these, N-doped CD(ED) was introduced evenly
onto the sidewalls of the CNTs, forming a new carbon hybrid
lineage, such as CD(ED)/CNT. Fig. 1 presents detailed descrip-
tions of the synthetic process. The procedure was performed in
two steps: (1) pretreatment of CNTs with a mixture of HNO3/
H,S0, to form defects and oxidized surfaces of CNTs, and (2)
combination of CDs and CNTs to prepare the CD/CNT hybrids.
Indeed, a stable suspension of CD(ED)/CNT hybrids can be
obtained easily using a simple reflux method of a mixture of
CNT and N-doped CD(ED). Although the origin of this hybrid
structure is unclear, the m-conjugated multiple aromatic
regions of CDs can interact with the sidewalls of CNTs through
a m-stacking interaction.’” Moreover, the existence of N-doped
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Fig.4 FTIR spectra of CDs and CD/CNT. CDs were obtained by three-different carbon sources: (A) ethylene glycol (EG), (B) ethanolamine (EA),
and (C) ethylenediamine (ED). Panel (D) compares all three CD/CNT hybrids and original CNT.
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Fig. 5 Deconvoluted XPS spectra of CDs and CDs/CNT: survey (A)
and N 1s (B) spectra of CD(EG), CD(EA), and CD(ED), respectively; C 1s
(C) and N 1s (D) spectra of CD(EG)/CNT, CD(EA)/CNT, and CD(ED)/
CNT, respectively.

CDs leads to crosslinking reactions between the amine groups
of CDs and carboxylic functional groups generated during the
acid treatment of the CNTs. On the other hand, CD(EA)/CNT did
not introduce CDs on CNT walls as highly as CD(ED)/CNT
(Fig. S1f). The primary reason is that the CD(EA)s do not
provide enough amine functional groups to attach to the CNT
surface at a high density. In particular, the combination of
CD(EG) and CNTs to form hybrid structures was difficult under
the same experimental conditions (Fig. S11).

The use of strong oxidizing agents to generate carboxylic acid
groups or carboxylated fractions on the surface of CNTs is one
of the widely used strategic approaches to increase the water
compatibility and binding functionality with other research
purposes.”” Fig. 2A presents the HR-TEM image after oxidizing
the surface by pretreating CNTs in a mixture of HNO3/H,SO,
(1 :3) for 6 h. Compared to the smooth sidewall of un-treated
CNTs (Fig. S21), HR-TEM of the tCNT lines revealed an
uneven and bumpy surface, presumably due to the formation of
defects and carboxylation in the pretreatment process. On the
other hand, to propose an all-carbon hybrid structure,
a synthetic method of scalable CDs was developed through a wet
chemical reaction of each carbon source (EG, EA, and ED) in the
presence of H,0, as an oxidizing agent. This method had many
advantages, including gram-scale production, uniform particle
sizes, excellent stability, economical approach, and simple

12524 | RSC Adv, 2021, 11, 12520-12530
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synthetic route. TEM showed that the N-doped CD(ED)s were
well-dispersed with a uniform size distribution (mean diameter
of CDs was 5.8 + 0.5 nm) (Fig. 2B). The inset at the top right
revealed a well-resolved lattice structure with a d-spacing of
3.20, which matched the lattice spacing of graphite. Fig. 2C and
D depict low- and high-magnification TEM images of the
CD(ED)/CNT hybrid. N-doped CDs were anchored on the side-
walls of CNT through reflux.

The luminescence characteristics before and after the
hybridization of CD(ED)s and CNTs were examined. The mixed
solution of CD(ED)s and CNTs showed similar luminescence
characteristics to that of CD(ED)s. In contrast, the photo-
chemical properties of the hybrid catalyst, in which the two
carbon materials were bonded, disappeared under UV light at
365 nm excitation (Fig. 2E). Although the origin of this
phenomenon is unclear, it might have come from the effects of
emissive trap sites on their hybrid surface because the CD(ED)s
are bonded chemically, not physically, to the CNT surface.**
Fig. 2F shows the photoluminescence (PL) spectra of the three
different samples before and after hybridization. The emission
maximum in the PL spectra of the mixture (CD(ED)s + CNTs)
remained unchanged with the peak position around 467 nm
compared to the CD(ED)s sample. On the other hand, such
emission was not observed for the CD(ED)/CNT because of the
formation of the hybrid. This result provides further evidence
that CD(ED)s had been decorated over the walls of CNTs.

Fig. 3A shows that the as-synthesized CDs showed two typical
peaks at the absorption spectra of the three CDs in an aqueous
medium, corresponding to the excitation wavelengths of the -
m* transition (250-280 nm) of the aromatic ring structure and
the n-m* transition (~350 nm) of the C=0 or N=N group,
respectively. This is a similar characteristic of heteroatom-
substitutional doping in carbon materials.*”® In this observa-
tion, all three CDs emitted strong blue light luminescence in
aqueous solutions (Fig. S31), while the fluorescence intensity of
the CDs increased in the order CD(EG) < CD(EA) < CD(ED)
corresponding to the N-doping degree of CDs. Fig. S471 dis-
played the typical excitation-dependent PL behavior of all as-
synthesized CDs aqueous solution, similar to the previously
reported CDs.*" The emission peak shifted gradually to
a longer wavelength with increasing excitation wavelength. The
intense PL of the CD(EG) dispersion appeared at 415 nm and
457 nm upon excitation at 320 nm, while excitation maxima of
both CD(EA) and CD(ED) were 380 nm and emission maxima
were 467 nm and 471 nm, respectively. The PL emission peak at
457 nm was much stronger than that of the peak at 415 nm,
revealing the blue emission. Fig. 3B presents the particle size
distributions of the representative CD(ED); the average particle
size was 1.95 nm + 0.32 (n = 50).

Fig. 3C shows the Raman spectra of all the as-obtained
samples. The three main peaks at ~1350 cm ™', ~1580 cm ™",
and ~2687 cm™ ' correspond to the D, G, and 2D bands of these
samples, respectively. The 2D peaks of the CD(ED)/CNT were
up-shifted to 2686.8 cm ™', compared to that of the pristine
CNTs peak at 2681.8 cm™ ', suggesting that N-doped CDs were
effectively introduced onto the CNT surface. The degree of the
defect and disorder levels can be confirmed by the intensity of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the D to G ratio (Ip/Ig) (Fig. 3D). The Ip/I; of the CD(EG)/CNT (Ip/
I = 1.02), CD(EA)/CNT (Ip/Ig = 1.03), and CD(ED)/CNT (Ip/lg =
1.20) were more intense than that of the CNTs (Ip/Ig = 0.58),
suggesting the highest defect level in the carbon hybrid for the
CD(ED)/CNT. This showed that the defect could greatly enhance
the adsorption of oxygen molecules on the hybrid carbon,
resulting in higher catalytic activity.

Surface functional groups on the CD precursors, CDs, and
CD/CNT hybrids were determined by FTIR spectroscopy (Fig. 4).
The measurement results for the EG and EA solutions
confirmed the presence of ~OH groups at ~3295 cm™'. On the
other hand, the ED solution confirmed that only the -NH
groups exist, as expected from the structure. An analysis of
individual CDs solution showed that the -OH groups were
present in all samples. In contrast, NH functional groups were
observed on the CD surface of the CD(EA) and CD(ED) solu-
tions. CD/CNT hybrids synthesized from CD(EG), CD(EA), and
CD(ED) precursors were functionalized with C=0, O-H, and
C-0 groups, as evidenced by peaks at 1738 cm™ ", 1365 cm ™",
and 1216 cm ', respectively (Fig. 4D).°>** The N-H banding
vibration from CD(ED)/CNT was observed at 1640 cm™" repre-
senting N-doped CD/CNT hybrid formation. This band was not
observed clearly at CD(EG)/CNT and CD(EA)/CNT. Moreover,
the IR absorption bands at 1505 cm™ " were assigned to the N-O
stretching vibration derived from the CD(ED)/CNT prepared via
a surface oxidation-assisted chemical bonding procedure.
Indeed, the FTIR spectrum of the N-doped hybrid, CD(ED)/CNT,
is different from that observed in the solutions of CNT, CD(EG)/
CNT, and CD(EA)/CNT.
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The chemical composition and surface oxidation state of
the CDs and CD/CNT hybrids were investigated by XPS. N-
doped CDs, such as CD(EA) and CD(ED), were prepared
using a series of N-containing bases, such as ethanolamine
and ethylenediamine. As shown in Fig. 5A, the XPS survey
spectra revealed nitrogen concentrations of 0.0, 1.8, and 2.1
at% in CD(EG)/CNT, CD(EA)/CNT, and CD(ED)/CNT, respec-
tively. These results showed somewhat lower N contents than
that the reported for N-doped carbon (N contents: 2.9-4.8
at%).>*** The main reason is that N-doping processes were not
performed for the entire hybrid carbon, and CDs containing N
atoms were synthesized preferentially and bonded to the CNTs
backbone. Two distinct components centered at 399.3 and
401.9 eV in the N 1s spectra (Fig. 5B) revealed the presence of
pyridinic N and pyrrolic N in the CD(EA) and CD(ED). No such
components were found in the CD(EG) sample. The C 1s
spectrum of CNTs was observed at 283.8 eV, while the peaks of
the high energy shifting of CD/CNT hybrids were found at
284.8 eV, corresponding to the introduction of heteroatoms
such as O and N (Fig. 5C). Since the electronegativity of O
and N is higher than that of base C in CNTs, the electron
density around carbon in CNTs decreases and the binding
energy increases. The asymmetric tail towards the higher
binding energy at 285.8 eV can be explained in two ways: (1)
the contribution of both C-O/C-N and C-OH functionalities;
and (2) high concentration of sp> carbon, but no extended
delocalized electrons (=290.0 eV), were observed in all
samples. This suggests that the CDs and CNT hybrids are not
related to the interaction of the emitted photoelectrons and w
electrons.”® The N 1s spectra from 398 to 403 eV (Fig. 5D) were
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deconvoluted into three peaks, which were associated with the
contribution of pyridinic N (399.1 eV), pyrrolic N (400.3 eV),
and graphitic N (401.4 eV), indicating the successful doping
of a nitrogen atom into the CD(ED)/CNTs and CD(EA)/CNTs.
Indeed, the pyridinic N and pyrrolic N were generated during
carbonization process, while the graphitic N in carbon
frameworks was mainly formed after a post-treatment at high
temperature.”” Such N dopings may endow CD(ED)/CNTs
superior properties for further catalysis applications
because they can act as active catalytic sites.*® On the other
hand, this peak was not observed in the CNT and CD(EG)/
CNT samples.

The ORR activity of the CD/CNT hybrids was examined by
cyclic voltammetry (CV) and linear sweep voltammetry (LSV)
using a rotating-ring disk electrode (RRDE) in a 0.1 M KOH
solution saturated with O, at room temperature. Fig. 6 presents
the CV traces of CNT and three different CD/CNT hybrids in
alkaline solutions saturated with O, (purple) or N, (gray); Table

Table 1 ORR catalytic properties of CD/CNT hybrids

View Article Online

Paper

1 lists the results. For all samples, strong reduction peak
currents were observed at 0.65-0.95 V (vs. RHE) in an O, satu-
rated environment after the ORR began. These peaks dis-
appeared when the electrolyte solution was purged with N,,
indicating that this peak corresponds to a decrease in O,.
Considering the ORR onset potential (E,,) and cathodic peak
potential (Ep), the overall catalytic activity for the ORR on the
catalysts increased in the order of CNT (E,, = 0.855 Vvs. RHE) <
CD(EG)/CNT (Eo, = 0.876 V vs. RHE) < CD(EA)/CNT (Eon =
0.903 V vs. RHE) < CD(ED)/CNT (E,, = 0.941 V vs. RHE). This
suggests that an increased N-dopant concentration with
a concomitant with a change in the active sites may change the
mode of oxygen adsorption on the catalyst surface, resulting in
enhanced ORR performance.

To understand the electrocatalytic ORR performance of the
catalysts further, the RRDE technique was used in an O,-
saturated 0.1 M KOH solution at a rate of 10 mV s ' at
different rotation speeds (400-3600 rpm). A commercial Pt/C

Catalysts Ep” (V vs. RHE) Eon® (V vs. RHE) Tafel slopes (mV dec™ ") Ca1 (MF cm™?)
CNT 0.680 0.855 —49.4 6.6
CD(EG)/CNT 0.740 0.876 —51.4 7.7
CD(EA)/CNT 0.714 0.903 —55.4 13.4
CD(ED)/CNT 0.780 0.941 —60.9 16.9
Pt/C —79.8
“ Measured by CV for CD/CNT catalysts in O, saturated 0.1 M KOH solution (Fig. 6).
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Fig. 7 (A) RRDE in O,-saturated 0.1 M KOH solution at a rotation rate of 1600 rpm and a scan rate of 10 mV s~*. (B) Diagram of the number of
electrons transferred and percentages of HO,™ generation at the disk electrode obtained from RRDE studies. (C) RDE chronoamperometric
responses in O,-saturated 0.1 M KOH solution at a rotation rate of 400 rpm for >10 h. (D) Chronoamperometric responses in an N,-saturated
0.1 M KOH solution with the addition of 1.0 M methanol at 50 s. The samples correspond to (a) tCNTs, (b) CD(EG)/CNT, (c) CD(EA)/CNT, (d)

CD(ED)/CNT, and (e) Pt/C, respectively.
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catalyst was used for comparison. The onset potential shown
in the RRDE in Fig. 7A is consistent with the CV results in
Fig. 6. Among the carbon-based catalysts used in this study,
CD(ED)/CNT exhibited the best ORR performance in terms of
Eon, half-wave potentials (E;5,), and current density.
Commercially available Pt/C had positive potentials by AE,, =
+0.040 V (E,, for Pt/C — E,, for CD(ED)/CNT) and AE;,, =
+0.026 V (Eq/, for Pt/C — E;, for CD(ED)/CNT) compared to
CD(ED)/CNT. The relative catalytic activity was inferior to the
commercial Pt/C, but the ORR catalytic activity was good
compared to all carbon hybrids. A quantitative estimation of
the electron transfer number (n) per dioxygen molecule
involved in the ORR and peroxide formation by two-electron
reduction of O, was estimated through the disk (I4) and ring
(I;) currents: n = 4 x (I4/(Iq + I,/N)) and HO,™ (%) = 200 x
{(I;/N)/(Iq + I/N)}, where N is the collection efficiency.** As
shown in Fig. 7B, the n value of CD(ED)/CNT for the ORR was
~3.5, and the yield of peroxide was 24.9% at +0.4 V (vs.
RHE). Fig. 7C shows the durability test for the CD(ED)/CNT
and Pt/C. Although all carbon catalysts generally exhibited
lower durability than the novel metals-based nano-
structures in RDE measurements, the observed durability of
the CD(ED)/CNT (~9.1% decay over 10 h) was superior to the
high-performance Pt/C (~11.8% decay over 10 h) catalyst.
The methanol tolerances of CD(ED)/CNT and Pt/C were also
determined from the chronoamperometric responses per-
formed in N,-saturated 0.1 M KOH solution with the addi-
tion of 1.0 M methanol at 50 s (Fig. 7D). The CD(ED)/CNT
electrode exhibited a high methanol tolerance compared
to the Pt/C due to suppression of the methanol oxidation
reaction. On the other hand, a sudden and large anodic
current density on Pt/C indicated Pt/C to have poor meth-
anol selectivity. The overall results showed that the ORR
catalytic activity of CD(ED)/CNT was greater than that of
commercial Pt/C in terms of the stability and methanol
tolerance.

Fig. 8A presents Tafel plots of various catalysts within the
mixed kinetic-diffusion (ji) region of the LSV curves, as shown
in Fig. 7A. The Tafel slopes of CNTs, CD(EG)/CNT, CD(EA)/CNT,
and CD(ED)/CNT toward the ORR were —49.4, —51.4, —55.4,
and —60.9 mV dec ™, respectively, which showed that CD(ED)/
CNT exhibits an ideal Tafel slope at a low overpotential under
alkaline conditions.> The results indicate the fast electron
transfer rate-determining step of CD(ED)/CNT toward the ORR.
Pt/C also exhibited similar behavior: a Tafel slope of —79.8 mV
dec™" at a low overpotential and shifts to >100 mV dec™" with
increasing overpotential. The electrochemical double-layer
capacitance (Cqj) is another vital parameter to estimate the
ORR activity of a catalyst. According to the non-faradaic area of
CVs (Fig. S51), the difference in Aj =j, — j. at 1.00 V (vs. RHE) as
a function of the scan rates was obtained because A; is directly
proportional to the active surface area.®® As shown in Fig. 8B,
the Cq sequence of all catalysts was CNTs (6.6 mF em ™) <
CD(EG)/CNT (7.7 mF cm™?) < CD(EA)/CNT (13.4 mF cm ?) <
CD(ED)/CNT (16.9 mF cm™?), which is in accordance with the
high active surface of the highly decorated CDs on the CNT
walls. These results suggest that an electrochemically active

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 (A) Tafel plots within the mixed kinetic-diffusion region of RRDE
curves at 1600 rpm (B) scan rate dependence of the current densities
for determining the electrochemical double-layer capacitance
measured by CVs in the non-faradaic region of 0.9-1.1V (vs. RHE). The
samples correspond to (a) tCNTs, (b) CD(EG)/CNT, (c) CD(EA)/CNT,
and (d) CD(ED)/CNT, respectively.

surface area depends strongly on the Cy;. Table 1 lists the ORR
kinetic parameters, such as Ep. (V vs. RHE) for the ORR, E,,,
Tafel slopes, and Cgq).

Conclusions

This paper proposed a facile and scalable synthesis of an all-
carbon hybrid structure as an efficient alternative catalyst for
the ORR in fuel cells. A scalable and stable suspension of the
CD(ED)/CNT hybrid was obtained using a simple reflux method
of a mixture of tCNT and N-doped CD(ED). In particular,
a comparison of the CD(EG)/CNT and CD(EA)/CNT composites
showed that the combination strategy of CD(ED) and CNT
allowed the easy formation of a hybrid structure. Benefiting
from structural advantages, the CD(ED)/CNT catalysts exhibited
superior ORR performance compared to other composites and
even surpassed the commercial Pt/C catalyst in terms of the
Tafel slope and durability. The enhanced performance of the
CD(ED)/CNT hybrid was attributed to the N-doped CD(ED)/CNT
hybrid structure providing more active edges and defect sites,
which play an important role in the electrocatalytic perfor-
mance of the ORR. This study presented a novel all-carbon
hybrid catalyst consisting of N-doped CDs and tCNT and
provided new insight into the ORR performance.
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