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CoySg activated N/S co-doped carbon tubes in situ
grown on carbon nanofibers for efficient oxygen
reductiont

Fang Wang,®® Ting Liu,*® Yaofang Guo,® Wenzhen Li,° Ji Qi,° David Rooney®
and Kening Sun @ *2

Herein, we report a facile and environment-friendly route for the preparation of CogSg activated N/S co-
doped carbon tubes (denoted as CogSg@N/S—CT) in situ grown on a carbon nanofiber network derived
from bacterial cellulose. The as-prepared Co¢Sg@N/S—CT has a novel microstructure with
homogeneous and lotus root-like carbon tubes plugged with CogSg active substance, which are
embedded in the carbon nanofibers. This nonprecious CogSg@N/S—CT composite has a comparable
catalytic activity for the oxygen reduction reaction and superior stability compared with commercial Pt/C
catalyst. This is attributed to a synergistic catalytic effect due the intimate contact between CogSg active
sites and the highly conductive heteroatom doped carbon tubes, showing the great potential for using
the CogSg@N/S—CT composite as a novel non-precious cathode catalyst in fuel cells or metal-air

rsc.li/rsc-advances battery applications.

1 Introduction

In order to solve the problem of energy shortage and environ-
mental pollution, people are committed to the exploitation of
high efficiency, low cost and eco-friendly alternative energy
transfer and storage systems.' Electrocatalysts are vital to the
field of renewable energy technologies such as rechargeable
metal-air batteries and fuel cells.*” As such the employment of
highly active and durable electrocatalysts to accelerate the
oxygen reduction reaction (ORR) has practical significance to
commercial fuel cell and rechargeable metal-air battery appli-
cations. In general, the ORR rate is relatively slow and hence Pt
and its alloys have been used to overcome the sluggish kinetics
and accelerate the overall conversion process.®*°

However, the high cost of these noble metal catalysts limits
their supply and the weak durability severely hinders their
applicability to practical advancement. Thus, the development
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of low-cost ORR electrocatalysts which have high activity and
improved durability is of paramount importance. Recently, non-
precious metal embedded in the carbon matrix composites with
nanostructure have arisen as a promising alternative ORR
catalyst to platinum-based catalysts."*™ In these catalysts, the
interaction between metal materials and carbon matrix can
effectively reduce the local oxygen adsorption on the surface of
the carbon by promoting the electron transfer between the
metal and carbon. Carbon matrix, in turn, can prevent the
reunion and loss of metal components in the process of reac-
tion. Therefore, this type of catalyst, even compared with
platinum-based catalysts, shows relatively higher catalytic
activity towards ORR.

Lately, a new, low-cost carbon material, three-dimensional
(3D) carbon nanofibers (CNFs) have been prepared by adopt-
ing natural precursor bacterial cellulose (BC) hydrogel.*>*®
Bacterial cellulose, as a kind of abundant and green biomass
nanomaterial, has a large number of hydroxyl groups which can
be used as the nucleation center for metal oxide or metal sulfide
nanoparticles.””* More importantly, BC-derived CNFs have
good electrical conductivity, which can be utilized to prepare
a variety of flexible catalysts based on the BC-derived CNFs.
Inspired by their excellent properties, we have reported a series
of catalysts embedded in CNFs derived from BC, which
demonstrated superior electrocatalytic activity and stability
under alkaline media. These materials were comparable to
commercial Pt/C and outperformed commercial IrO, as well as
Rqu.Z"'“

Meanwhile, nano-sized transition metal sulfides have been
studied extensively of their prospective application in the
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energy conversion and storage devices because of their high
catalytic potential in the field of electrocatalysis.”*** Among
a variety of transition metal sulfides, cobalt sulfides show
a relatively good electrical conductivity, persistent high thermal
stability and high theoretical energy.** In order to improve their
performance, there has been a tendency to develop cobalt
sulfides and carbon nano-composite materials. Nanometer
cobalt sulfide (CoySg), which is metal-rich within the family of
cobalt sulfides, has attracted more and more attention because
it exhibits outstanding performance in many application fields
covering supercapacitors,” hydrodesulfurization,* lithium ion
batteries,” dye sensitized solar cells,®® and electrocatalysts
towards hydrogen evolution reaction (HER).”® For these appli-
cations, the nanostructures of the materials are particularly
important because they can usually reduce the limitation of
charge transfer, shorten the length of the diffusion layer which
the active electrochemical ions go through, and also increase
the surface active sites exposed to the electrolyte. As a result,
researchers have been trying to develop liquid phase synthesis
methods for preparation of CooSg nanostructures, such as
nanoparticles, nanosheets, hollow nanospheres and nano-yolk-
shell structures, as well as some composite structures combined
with carbon nanomaterials.’*3* However, to the best of our
knowledge, the synthesis of embedding CosSg into N/S co-doped
carbon nanostructural framework derived from BC and its
performance as ORR catalyst has not been studied yet.

In this work, we explored the effect of heating rate on the in
situ synthesis of composite materials derived from BC, while
a novel material, CosSs@N/S-CT, was synthesized by control-
ling the heating procedure. This is a facile and green route for
the preparation of CoySg nanocrystals activated N/S co-doped
carbon tubes in situ grown on CNFs derived from bacterial
cellulose. The process was implemented with a simple
impregnation followed by pyrolysis. Co,Sg serves as active sites
and carbon fibers are the source of carbon for in situ growth of
lotus root-like carbon tubes, at the same time nitrogen and
sulfur are co-doped into the carbon tubes. This study demon-
strated that the promising CoySg@N/S-CT has superior perfor-
mance and stability as an efficient electrocatalyst towards ORR
in the alkaline media.

2 Experimental
2.1 Materials and methods

Bacterial cellulose hydrogels were kindly provided by Ms CY
Zhong (Hainan Yeguo Foods Co., Ltd., China). The wet BC
pellicles were first cut into rectangular slices (4 x 5 cm?) and
soaked in deionized water for 24 hours to remove acid. After-
wards, they were placed into liquid nitrogen to ensure a quick
freeze followed by freeze drying for 48 hours. The resulting BC
aerogels were then soaked in the solution consisting of CoCl,,
thiourea and urea (mole ratio = 1 : 2 : 100) and freeze-dried for
another 48 hours. This processing method can preserve the
tenuous network owing to the low surface tension. Finally, the
resulting aerogels were annealed in a tubular furnace under
a N, atmosphere to complete the carbonization and doping
thus the black and ultralight CNF-based aerogels were obtained.
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It is well understood that temperature will directly govern the
pyrolysis products. In order to obtain well-structured CogSg@N/
S-CT, a moderate heating program was followed which is
referred to the thermal gravimetric curves of BC (Fig. S17).
Specifically, it was firstly heated to 200 °C (2 °C min~") and then
up to 220 °C (1 °C min™ ') with a dwelling time of 1 hour at
220 °C. The subsequent heating was up to 350 °C (1 °C min ™)
with a dwelling time of 1 hour at 350 °C and the material was
finally heated up to 900 °C within 180 min. For comparison, N/
S-CNF samples were prepared using the same procedure
without adding of CoCl,.

2.2 Characterization

The morphology of the as-prepared catalyst was observed by
scanning electron microscopy (SEM, QUANTA FEG 250) and
transmission electron microscopy (TEM, JEOL 2100F) induc-
tively coupled high resolution transmission electron micros-
copy (HRTEM). Energy Dispersive Spectrometer (EDS) tests were
carried out with a light element detector via the ZAF technique.
X-ray diffraction (XRD) patterns were collected by a Rigaku
Ultima IV diffractometer using Cu Ko, radiation (A = 1.5406 A)
with a filament current of 40 mA and a tube voltage of 40 kv.
X-ray photoelectron spectroscopy (XPS) was conducted on
Physical Electronics 5400 ESCA. Raman spectroscopy was per-
formed on a Renishaw Micro-Raman spectroscopy system
with an excitation wavelength of 532 nm. N, adsorption/
desorption measurements (BET, Quadrasorb SI, Quantach-
rome Instrument Corporation) were used to identify the specific
surface area.

2.3 Electrochemical measurements

The electrocatalytic activity was tested in a water jacketed inte-
grated glass cell connected with a typical three-electrode system
at room temperature. Glassy carbon (GC) was used as the
working electrode, while Pt wire and Hg/HgO were used as
counter electrode and reference electrode respectively. The
testing system was equipped with a CHI 760 electrochemistry
workstation (Shanghai Chenhua Instruments, Inc.) along with
a rotating disk device (MSR, Pine Instruments, Inc.). An ethanol
solution with a concentration of 2 mg catalyst per mL was
prepared as the catalyst ink. Especially, Nafion solution (5%, 15
wl) was added to the ink in order to prevent the catalyst
detaching from the electrode surface. After 10 min ultrasonic
dispersion, the prepared catalyst ink (10 pl) was dripped onto
a pre-polished GC electrode (5 mm diameter). The total catalyst
loading was 0.08 mg cm 2. O,-saturated 0.1 M KOH aqueous
solution served as the supporting electrolyte for the test of cyclic
voltammetry (CV, the scan rate of 50 mV s '), linear scanning
voltammetry (LSV, the scan rate of 5 mV s ') and chro-
noamperometry (the applied voltage of 0.4 V vs. RHE). As
a control, CV tests were also carried out under N, saturation to
eliminate capacitance contributions. RDE measurements were
scanned cathodically with rotation rates varying from 400 to
2500 rpm and with the scan rate of 5 mV s~ in O,-saturated
0.1 M KOH aqueous solution. The transferred electron number

This journal is © The Royal Society of Chemistry 2017
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(n) in ORR were determined by Koutecky-Levich (K-L)
equation.*

1 1 1 1 1

= — = ———+
Jj L Jjk  Bw'?  jk

B =0.2nFC,D¥3y"°

where j is the experimentally measured current density, j;, is the
diffusion limited current density, jx is the kinetic current
density, w is the angular velocity, F is the Faraday constant, D, is
the diffusion coefficient of O, in 0.1 M KOH solution, C, is the
concentration of molecular O, in 0.1 M KOH solution, and v is
the viscosity of the electrolyte, the coefficient 0.2 was applied as
expressing the rotation speed with rpm.

3 Results and discussion

A facile strategy for the synthesis of metal-rich sulfide, CoySs
enriched carbon tube in situ grown on N/S co-doped CNF
networks derived from bacterial cellulose was illustrated in
Fig. 1. Unlike other pyrolysis routes for preparing CoqSs crystals,
there were no hazardous surfactants or intricate procedures
involved in the system and CosSg@N/S-CT was generated via
simple immersion followed by direct pyrolysis. In this case, the
as-prepared CooSg@N/S-CT composite was found to have
a novel microstructure and exhibits competitive performance as
an electrocatalyst for ORR.

XRD characterization was conducted to determine the
composition of the as-prepared materials. XRD pattern of the
CoySg@N/S-CT composite (Fig. 2a) indicates five characteristic
peaks at 29.9°, 47.4°, 52.0°, 73.3° and 76.7°, respectively, which
are indexed well to the cubic CooSg (JCPDS# 19-0364). It is
clearly demonstrated that Co,Sg nanocrystals embedded in the
hybrid composite. The diffraction peaks at 44.2°, 51.5° and
75.8° belong to three characteristics peaks of Co (111), Co (200)
and Co (220) (JCPDS# 15-0806), and thus the Co-doping in the
N/S-CNF is thereby proved. The strong peak at 26.0° from the
graphite-like (002) structure suggests the existence of highly
graphitic carbon. Studies have shown that, during the electro-
catalytic process, high degree graphitization of carbon matrix
can improve its electroconductibility and corrosion resistance
of the carbon-based catalysts.®

Doping Freeze-drying
B ———g
CoCl,, pyrolysis

thiourea, urea

Co,N,S,0-BC
aerogel

C0,Sy@N/S-CT

BC hydrogel embedding in CNF

Fig. 1 Illustration of the formation process of CogSg@N/S—-CT
embedding in CNF.
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Fig. 2 XRD patterns of CogSg@N/S—CT sample (a); SEM images of
CogSg@N/S—CT at the magnifications of 30 um (b) and 5 um(c); SEM
image of selected area of CogSgCT@N/S—CT (d) on which element
mapping was carried out and elemental mappings for nitrogen (e),
cobalt (f) and sulfur (g); TEM image of CogSgCT (h) and crystal fringes of
the COQSgCT (i).

The EDS spectrum for determining element contents of the
CoySg@N/S-CT sample (Fig. S2t) shows that the composite
material is comprised with C, N, S; Co and O elements. Different
magnification SEM images of CogSg@N/S-CT composite
(Fig. 2b-d) depicted that the nanofibers maintain the porous,
interconnected and well-defined 3D structure of BC aerogels. It
surprised us that, on the outer surface of the CNFs, there are
a large number of carbon tubes in situ grown on the surface of
the CNF layers. The shape of the carbon tubes is not as same as
the normal carbon tubes, but similar to the lotus root, and one
end of the hollow tubes are plugged with the CooSg, which looks
like corks plugged into the bottles. From the high-magnification
SEM images we can read that the average diameter of the carbon
tubes is ca. 1 um. It is noted that embedding the metal and
metal sulfide nanoparticles into the CNFs have a great impact
on the structure of the as-prepared material (Fig. S3at).

The elemental mapping images of the CogSg@N/S-CT
composite are shown in Fig. 2e-g. It can be seen clearly that the
Co and S elements are mainly distributed in the position of the
end tip of carbon tubes. Combined with the results of XRD
patterns it can be inferred that the composition of the plugged
substance at the end of the carbon tubes could be Co4Sg
nanocrystals (Fig. S3bt). The other elements including C, N and
O are distributed uniformly on the carbon tubes and the main
component of the carbon tubes is C element. Moreover, the
surface of the carbon tubes was determined to be co-doped with
N and S elements, which is due to the addition of urea and
thiourea. Furthermore, a low quantity of cobalt metal was found
to be embedded in carbon tubes or nanofibers surface in the
form of nanoparticles. From the above comprehensive infor-
mation, it can be concluded that the as-prepared composite
material composed of N/S co-doped carbon tubes plugged with
CooSg nanocrystal as active substance, which was supported by
CNF framework.
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TEM observation was conducted to further determine the
composition of CogSg plugged carbon tube (denoted as
C0ySgCT). As shown in Fig. 2h and i, it can be seen a clear
carbon tube, the end part of which shows in deep black. The
further analysis found that crystal lattice spacing was observed
under 20 nm, which confirms the composition of this material.
As shown in Fig. 2h and i, it can be observed obvious lattice
characteristics in the part of deep black tip of the carbon tubes.
The observed lattice fringe is approximately 0.3 nm, corre-
sponding to the (311) plane of cubic phase of CosSg. No obvious
lattice characteristics were observed in the part of the carbon
tubes, which indicates that the carbon tubes are composed of
amorphous carbon. This result is expected as impurity atoms
doped into the architecture of carbon will increase the disorder
of carbon, making it loose its crystal structure.

Based on the characterization results, we come up with
a possible growth mechanism of CoqSg activated carbon tubes
through an embedding process into the N/S doped CNF
network. Under the given polymerization, carbon tubes were in
situ grown out and the carbon derived from the CNF matrix. At
first, Co>" was reduced to the corresponding Co crystal by
thiourea. With the enrichment of Co crystals especially those on
the tip of carbon tubes,*” the generated S further reacts with Co
and forms CooS; crystals which will enrich in the direction of
carbon tubes and result in Co,Sg activated carbon tubes. This
also explains why the CoS; activated carbon tube only arises at
the tip of the carbon tubes. Urea is regarded as a precursor for
the N-doping and thiourea serves as the source of sulfur (S) for
the S-doped carbon substrate. Oxygen is sent out by O, and/or
CO, gas. As it is pyrolysed, thiourea generates polymeric
carbon nitride through a polyaddition/condensation process. It
is certain that the carbon nitride gaseous fragment (e.g., C,N,",
C;3N,", C3N3") is decomposed over 700 °C which offers both the
C and N to generate N-doped carbon matrix.***® At the same
time, Co>" ions get reduced to form CosSg with S. Noted that
here some of Co does not form sulfides but dopes into CNF as
well as N and S. In this context, it may be supposed that the
presence of C-N catalyzes the sulfide formation.*’

The morphological characteristics of the as-prepared mate-
rials were further examined by Raman spectroscopy. The
Raman spectrum of CogSg@N/S-CT sample exhibits two char-
acteristic peaks at 1342 cm ™' and 1587 cm ™, corresponding to
the well-defined D-band and G-band (Fig. S4%). Ip/lg ratio,
which is used to value the extent of defects and the degree of
graphitization in the catalysts, of the CoySg@N/S-CT and CNF
are estimated to be 1.33 and 1.15, respectively. It is suggested
that the existence of transition metal or transition metal
sulfides endows Co¢Sg@N/S-CT more defects and simulta-
neously improves the graphitization degree of carbon material
which is in favor of electrical conductivity.** Meanwhile, the
specific surface areas of the catalysts were determined via N,
adsorption-desorption isotherms based on the Brunauer-
Emmett-Teller (BET) method. As shown in Fig. S5, CogSs@N/
S-CT complies a type-III isotherm with the specific surface area
of 362.7 m* ¢~ . In comparison with CoSg@N/S-CT, CNF has
a much lower specific surface area of 129.5 m”> g~ ". It can be
further deduced that the introduction of the transition metal or
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transition metal sulfides provides more defects and thus
increases the specific surface area of the resulting material. And
then the high specific surface area of CoySg@N/S-CT composite
could offer more active sites for oxygen molecules, resulting in
enhanced ORR catalytic performance. Besides, the 3D nano-
structure offers more opportunities for efficient mass transport
which could also enhance the electrochemical activity.*

X-ray photoelectron spectroscopy (XPS) for Coy,Sg@N/S-CT
composite was conducted with the full range spectra to probe
the electronic states and determine the proportions of the
surface species in catalyst materials, as displayed in Fig. 3. Five
peaks were observed in the detailed C 1s spectrum which can be
ascribed to C=C (284.6 eV), C-S (284.1 eV), C-N (285.2 eV), C-O
(286.0 eV) and C=O (288.2 eV) (Fig. 3a). It illustrates that
nitrogen and sulfur are co-doped into the carbon matrix which
is assumed to promote the oxygen reduction.** The N-doping in
the carbon matrix (12.3 at%) originates from the urea precursor.
Whereas the S-doping in carbon matrix (10.9 at%) comes from
thiourea, apart from forming CooSgs embedded in N-doped
carbon, implying the strong coupling between the CooSg and
the N/S co-doped carbon matrix. The existence of C-O illustrates
that the CoySg@N/S-CT maintained the nanostructure of CNF,
on which there are a quantity of oxygen-containing functional
groups. Two main peaks detected at 779.9 and 794.9 eV in Co 2p
detailed spectra (Fig. 3b) are the binding energies of Co 2ps,
and Co 2py,, respectively. The energy separation between Co
2p32 and Co 2p,, of 15.0 eV is found to be accordance with the
Co 2p of CoySg.*** It also involves satellite peaks of Co 2p*? and
2p'/? locating at 782.9 and 797.9 eV, accordingly. Therefore, it
can be confirmed that cobalt sulfide is in the form of CoSg in
the as-prepared CoSs@N/S-CT composite combined with the
above analysis. A small peak at 786.5 eV corresponds to Co
metal which is in agreement with the XRD results. However, the
content of Co metal is only 4.68% of the total Co implying that
the most Co is in the form of CosSg. Moreover, Fig. 3c shows
a high-resolution XPS scan of the N 1s signal, which was
deconvoluted into two major peaks located at 399.9 and

a. Cls

b. Co2p

2p3/2

Intensity(a.u.)
Intensity(a.u.)

810 805 800 795 790 785 780 775

Binding Energy(eV)

Intensity(a.u.)
Intensity(a.u.)

408 406 404 402 400 398 396 394 174 172 170 168 166 164 162 160

Binding Energy(eV) Binding Energy(eV)

Fig.3 C1s(a), Co2p(b), N1s(c)andS 2p (d) XPS spectra of CogSg@N/
S—CT sample.
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397.3 eV corresponding to pyrrolic N and pyridinic N, two minor
peaks at 405.6 and 402.1 eV corresponding to chemisorbed and
quaternary N, and a small peak at 404.2 eV corresponding to
pyridinic N-oxide. Previous studies showed that N-doping in the
carbon matrix could improve the electronic transmission rate
and chemical reactivity.*® Noticeably, 48.5% of total nitrogen in
the CoySs@N/S-CT composite is the pyridinic N, which has
been known to have a positive impact on ORR onset potential.
The rest forms of nitrogen are favorable to the electrochemical
properties of carbon matrix by enhancing the initial chemical
adsorption of oxygen.*” Furthermore, Fig. 3d provides the
detailed S 2p XPS spectra showing the binding energy of CooSg.
It contains two distinct peaks at 163.3 eV and 164.2 eV which
can be assigned to the doublet S 2p;, and S 2p,,, binding
energies, respectively. Two peaks of 167.3 eV and 170.5 eV are
attributed to carbon bonded S-Ox, which indicates that sulfur
(S) originated from thiourea reductant, were oxidized to sulfite
and sulfate.

To investigate the electrochemical oxygen reduction perfor-
mance of the as-prepared Co,Sg@N/S-CT catalyst, cyclic vol-
tammograms (CVs) in N,-, air- and O,-saturated 0.1 M KOH
solution were measured. Distinct ORR peaks were observed at
0.78 and 0.81 V, respectively, from the CVs in O,-saturated KOH
solution of CosSg@N/S-CT and commercial Pt/C (see Fig. S6 and
S71). The closeness of the reductive peak potential for
CoySg@N/S-CT with Pt/C strongly indicated its latent high ORR
activity. Further evaluation of ORR activity was conducted on
RDE in 0.1 M KOH solution under O, saturation with linear
sweep voltammograms (LSVs) results, as demonstrated in
Fig. 4a. The CoySg@N/S-CT composite showed a negative shift
of the onset potential by ~39 mV in comparison with
commercial Pt/C and similar limiting current density, which

_ — CogSg@N/S-CT @) 100 (b)
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Fig. 4 (a) LSVs of CogSg@N/S—-CT, N/S—CNF and Pt/C catalysts drop

casted on RDE in O,-saturated 0.1 M KOH with a rotation rate of
1600 rpm and a scan rate of 10 mV s, (b) i—t curves of CosSg@N/S—
CT and Pt/C catalysts in O,-saturated 0.1 M KOH with a rotation rate of
1600 rpm and the applied potential of 0.4 V vs. RHE. (c) Polarization
curves of CogSg@N/S—CT in O,-saturated 0.1 M KOH with a scan rate
of 5 mV s~* at various rotation rates. (d) K-L plots for CosSs@N/S—CT
with j~* versus w~Y? at the potential of 0.5, 0.6 and 0.7 V.
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reaches 78% of that of Pt/C. Especially, the CogSg@N/S-CT
composite shows higher ORR activity compared to N/S-CNF,
indicating that the interaction between CosSg and carbon tubes
further enhanced the ORR activity. Besides, nitrogen and sulfur
doping make the carbon tubes grown from CNF more propi-
tious to ORR catalysis.”**® As evidenced by CVs and LSVs,
C0oSg@N/S-CT exhibits comparative ORR activity to commer-
cial Pt/C, which can be attributed to Co,Sg active sites and the
nitrogen/sulfur co-doped carbon tubes. In addition to electro-
chemical activity, durability is another crucial factor for prac-
tical utilization of the catalysts. To this end, long-term stability
of CogSg@N/S-CT and commercial Pt/C were compared using
chronoamperometry responses with the constant potential of
0.4 V vs. RHE in O,-saturated 0.1 M KOH aqueous solution.
Fig. 4b shows that the reductive current density of CooSg@N/S—
CT catalyst kept with approximately 3.0 mA cm ™2 after 35 000 s
of successive testing, which indicates that almost 80% of the
beginning current was maintained. In contrast, only 50% of the
beginning current density was retained for the Pt/C commercial
catalyst. These results demonstrate that the Coy,Sg@N/S-CT
catalyst, which is consist of CosSg active sites incorporated with
N/S co-doped carbon tubes grown on 3D nanostructural carbon
framework, has a superior stability over commercial Pt/C cata-
lysts under alkaline environment. It implied that the unique
nanostructure of CosSg@N/S-CT composite protects the cata-
Iytic sites of CogSg and enhances the long-term stability.
Notably, the CoySg@N/S-CT can achieve round 78% of the
catalytic performance of commercial Pt/C, which is to date the
most active ORR catalysts but much more expensive. Further-
more, it preserves a superior long-time stability compared to
Pt/C. Thus, the Co,Sg@N/S-CT is an efficient ORR catalyst
which can be a promising alternative to precious Pt/C for
practical application.

For the insight of ORR kinetics, polarization curves of
C0,Sg@N/S-CT were recorded at various rotation rates on RDE
as displayed in Fig. 4c (corresponding results of Pt/C was shown
in Fig. S8at). The LSVs showed representative increasing
current density with higher rotation speeds. It is attributed to
the fact that the flow rate of oxygen is increased and the diffu-
sion distance is shortened at high speeds.*>** To quantitatively
understand ORR activities of C0,Sg@N/S-CT, the transferred
electron numbers per oxygen molecule were estimated by
analyzing K-L plots, and plotted as a function of potential.
Fig. 4d presented the corresponding K-L plots (j~* vs. w /%) at
0.5, 0.6 and 0.7 V. The good linearity and parallelism in all cases
indicates first-order reaction kinetics toward molecular oxygen.
As shown in Fig. 4d, the electron transfer numbers per oxygen
molecule in ORR for CogSs@N/S-CT are 4.0, 4.0 and 3.8, which
correspond to 0.7, 0.6 and 0.5 V, respectively. The comparative
K-L plots of the commercial Pt/C catalyst were depicted in
Fig. S8b.f It can be found that electron transfer number of
CoySg@N/S-CT was nearly the same as Pt/C catalyst (=4). It is
generally recognized that a four-electron ORR is the favorable
reaction pathway for a PEMFC. Namely, the CogSg@N/S-CT
composite conducts the four-electron ORR pathway is fully
demonstrated its favorability for ORR catalysis.

RSC Adv., 2017, 7, 34763-34769 | 34767


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra04127f

Open Access Article. Published on 11 July 2017. Downloaded on 12/4/2025 11:52:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

4 Conclusions

In summary, we have successfully developed a green, effective
and simple approach for the preparation of CooSg activated N/S
co-doped carbon tubes in situ grown on 3D CNF network
through two steps of impregnation and direct pyrolysis. It was
observed that the heating rate affects the preparation of the
materials at high temperature. By changing the heating rate, the
as-prepared CogSg@N/S-CT has a totally different morphology,
composition, structure and electrochemical catalytic perfor-
mance compared with other materials derived from BC. The
resulting CooSg@N/S-CT, as a lower-cost non-precious catalyst,
has a novel microstructure and exhibits comparable catalytic
performance and superior durability towards the oxygen
reduction reaction, which is attributed to the synergistic cata-
lytic effect stemming from CosSg and nitrogen/sulfur co-doped
carbon tubes. The intimate contact between CogSg active sites
and the highly conductive heteroatom-doped carbon tubes
enlarge the specific surface area and increase the graphitization
degree of the CooSg@N/S-CT, which facilitates both mass
transport and electron transfer. The enhanced catalytic property
combined with its low cost and facile synthesis suggests that
CoySg@N/S—-CT can be a promising alternative to noble catalysts
for applications in fuel cells and metal air batteries.
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