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ABSTRACT

Carbon materials doped with heteroatoms are a class of cost-effective and stable electrocatalysts for oxy-
gen reduction reactions (ORR), whose activities are mainly based on the heteroatom-related active sites.
Besides the widely reported one-dimensional carbon nanotubes and two-dimensional graphene materi-
als, carbon dots (CDs), as a new kind of zero-dimensional carbon materials, exhibit a range of unique
structures and promising catalytic activities for ORR. In order to optimize the complex conditions of
carbon-based catalysts, composites consisting of doped CDs and reduced graphene oxide (rGO) (desig-
nated as CD/rGO) are prepared hydrothermally, in comparison with directly doped rGO. All produced
composites outperform their corresponding directly doped rGO counterparts in ORR measurements. It
is noted that nitrogen and sulfur co-doped samples perform better than those doped by individual N
or S. Mechanistic relationships between the ORR catalytic activities and the catalyst features are pro-
posed, including type, location, bonding, fraction and synergistic effects of dopants, as well as the com-
position and structure of the carbon substrates. It is apparent that doping heteroatoms and constructing
carbon substrates play a synergistic role in yielding high-performance carbon based catalysts.

© 2018 Elsevier Inc. All rights reserved.
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1. Introduction

During the past decade, design and development of highly
active catalysts for oxygen reduction reactions (ORR) have received
extensive attention owing to their great potential for optimizing
the performance of fuel cells and metal-air batteries [1-3]. A
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popular class of ORR electrocatalysts is heteroatom-doped carbon
materials, based on pyrolytic carbon, carbon nanotubes, graphene
and their derivatives [4-6], which possess lower cost and better
stability than precious metal-based catalysts, such as Pt and Pd.
Both experimental and theoretical studies have proved that het-
eroatom doping is a key factor that produces active catalytic sites
and boosts ORR in these carbon materials [7]. In general, a practical
doping state involves heteroatom types [8], dopant species with
different bonding forms, and especially the locations and chemical
environments of heteroatoms [9-11]. For example, active sites are
usually more efficient at edges than those in planes of a catalyst,
because the former are more exposed and easier to contact oxygen
molecules [12-14]. In addition, the catalytic activity of a dopant
are both determined by the dopants and the carbon substrates,
and thus, it is an effective way to produce catalysts containing dis-
tinct ORR active sites through constructing a composite carbon
material with doping heteroatoms preferentially on edges
[15,16]. Carbon dots (CDs), as a new zero-dimensional carbon
material with abundant edges, is a promising candidate for con-
structing ORR electrocatalysts with high activities.

History of CDs can be traced back to the discovery of fluorescent
nanoparticles when separating carbon nanotubes, and thereafter
they have been widely studied and applied in various fields includ-
ing energy storage and conversion [17-20]. With diameters below
10 nm, abundant surface groups and various defects, CDs possess
distinct electronic properties and high surface-volume ratios in
comparison with 1-D carbon nanotubes and 2-D graphene, indicat-
ing that CDs have enormous space to produce a high density of ORR
active sites [21-23]. CDs can be modified with various functional
groups and doped with diverse chemical structures, which is
favourable for the oxygen adsorption and reduction [24-26]. In
general, CDs can be synthesized hydrothermally from small mole-
cule precursors at relatively low temperatures. Doping CDs with
heteroatoms such as N, S, B and P, etc., can be realized simultane-
ously just by adding dopant precursors into the preparation sys-
tems. Such a simple route can realize the doping and
carbonization of CDs efficiently, and also endows CDs distinctive
compositions with a large diversity of heteroatoms.

Though some pioneer work of CDs as ORR electrocatalysts
[27-30] ascribed the superiority of CDs to their abundant edges
and defects, their ORR activities in terms of their unique core-
shell structures have not been fully studied. When CDs are fabri-
cated from a mixture of organic molecules at a relatively low tem-
perature, crystallization is confined within dimensions of a few
nanometers, which facilitates the formation of graphitic cores
and heteroatom-composed shells with various functional groups.
In such a structure, the graphitic cores guarantee the electron con-
ductivity, whilst the heteroatom dopants alter the electronic states
of the adjacent carbon atoms to form active catalyzing sites on sur-
face. This situation differs greatly from the doping states in other
carbon materials. Hence, investigation on such distinctive chemical
structures in CDs is key to elucidate the relationships between ORR
activities and the structures of carbon materials.

In the present study, we synthesize N-doped CDs (N-CD),
S-doped CDs (S-CD) and N,S-codoped CDs (N,S-CD) through similar
hydrothermal reactions, respectively [31]. Afterwards, these CDs
are anchored onto rGO sheets hydrothermally to form composites
N-CD/rGO, S-CD/rGO and N,S-CD/rGO, respectively. For compar-
ison, rGO samples are directly doped through a hydrothermal
approach with the same doping agents to yield N-rGO, S-rGO and
N,S-rGO, respectively. CD/rGO composites outperform their rGO
counterparts in terms of electrochemical properties in ORR, which
is attributed to their unique compositions and structures. Though
either individual N or S dopants is able to give rise to active ORR
sites in CDs and rGO, N,S-codoping is a more effective strategy to
realize a four electron transfer pathway in ORR. As a result, optimal

N,S-CD/rGO samples exhibit the most positive half-wave potential,
the highest kinetic current density and the largest electron transfer
number.

2. Experimental
2.1. Synthesis of CDs

N-CDs were synthesized using a classic method [32], whilst
S-CDs and N,S-CDs were produced through a facile method based
on our previous work [31]. For N-CDs, citric acid (3.07 g) and
ethylenediamine (0.96¢g) were dissolved in deionized water
(30 mL); regarding S-CDs, NaOH (0.1 g) was dissolved in deionized
water (50 mL) followed by adding o-lipoic acid (0.5 g); in terms of
N,S-CDs, a-lipoic acid (0.5 g), NaOH (0.1 g) and ethylenediamine
(0.3 g) were mixed into deionized water (50 mL). The above solu-
tions were then transferred into respective Teflon-lined stainless
steel autoclaves and heated at 180 °C for 24 h. After naturally cool-
ing down to room temperature, the obtained solutions were puri-
fied by an analysis membrane (Spectrum, MW cutoff 3500) against
water, respectively. Finally, three kinds of CDs aqueous solutions
were freeze-dried respectively for subsequent experiments.

2.2. Preparation of CD/rGO composites

N-CD/rGO, S-CD/rGO and N,S-CD/rGO were also prepared
hydrothermally. Firstly, GO was synthesized from graphite powder
according to a modified Hummers method [33]. Then, GO (10 mg)
was dispersed in deionized water (5 mL) followed by adding CDs
(10 mg) under vigorous stirring. The mixture solution was contin-
uously stirred for 2 h and transferred into a Teflon-lined stainless
steel autoclave, then heated at 180 °C for 24 h. The products were
separated and washed via centrifugation. For preparation of neat
rGO controls, GO solution (5 mL, 2 mg/mL) was directly treated
by the same hydrothermal method as the above mentioned
procedure.

2.3. Preparation of directly doped rGO

rGO was doped directly in the same way as the above proce-
dures. In brief, GO (10 mg) was dispersed in deionized water
(5 mL), followed by addition of ethylenediamine (0.16 g), a-lipoic
acid (30 mg) and NaOH (6 mg) under vigorous stirring. The mixture
was continuously stirred at room temperature for 2 h, followed by
heating at 180 °C for 24 h in a Teflon-lined stainless steel auto-
clave. The products were separated and washed via centrifugation
and dried to yield N,S-rGO. For the case of N-rGO, the preparation
procedure was the same as above, only free of a-lipoic acid and
NaOH. For synthesizing S-rGO, similar experimental procedures
were performed without involvement of ethylenediamine.

2.4. Electrochemical measurements

Electrochemical studies were performed at room temperature
in a conventional three-electrode cell controlled through an elec-
trochemical workstation (CH Instruments 660E, Chenhua Instr.
Co., China). For cyclic voltammetry (CV) measurement, a glassy
carbon (GC) electrode (3.0 mm in diameter) coated with catalyst
inks was used as the working electrode. To prepare the catalyst
inks, the well-ground powdered catalysts (5 mg) and Nafion
(DuPont, 25 pL, 5%) were dispersed in of ethanol (1.0 mL) by ultra-
sonication. Afterwards, the catalyst inks (5 pL) was dropped onto
the GC electrode and dried at room temperature. A saturated calo-
mel electrode (SCE) and a Pt plate were used as reference and
counter electrodes, respectively. All potentials referred in the
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paper were converted with a reference to the reversible hydrogen
electrode (RHE) for convenience, calculated using the following
equation:

E vs. RHE =E vs. SCE +0.0591 x pH+0.241 V

CV tests were performed in a N,-saturated and O,-saturated
0.1 M KOH solution at room temperature, respectively. The exper-
iments were cycled at a scanning rate of 50 mV s~! over the poten-
tial range from 0.15 to 1.15V vs. RHE. For linear sweep
voltammetry (LSV) measurements, a rotating disk electrode (RDE,
3.0 mm in diameter, Pine Research Instrumentation, USA) was
used with rotating speeds varying from 100 to 2025 rpm (rounds
per minute) at a scanning rate of 5 mV s~ over the potential range
from 0.9 to 0.2V vs. RHE. RDE data were analyzed based on the
Koutecky-Levich (K-L) equations:

1 1 1
- B05

j Jk

B = 0.62nF(Dy, )} v #Co,

where j and ji are the measured and kinetic current densities,
respectively, and w is the rotation speed. F is the Faraday constant
(96,485 C mol~'), and n is the number of electrons transferred in
the reduction of one O, molecule, D is the diffusion coefficient of
0,in 0.1 MKOH (1.9 x 107> cm? s~ '), C is the saturation concentra-
tion of O, in 0.1 M KOH (1.2 x 10~® mol cm~3), and v is the kine-
matic viscosity of the electrolyte (v=0.01cm?s™!). Koutecky-
Levich plots were obtained at different potentials varying from 0.6
to 0.4V vs. RHE, and the corresponding electron transfer numbers
and kinetic current densities in the oxygen reduction reaction were
calculated from slopes of the Koutecky-Levich plots.

3. Results and discussion

3.1. Parallel syntheses of CD/rGO composites and the directly doped
rGO samples

Preparation procedures of N,S-CD/rGO composites and N,S-rGO
are illustrated in Scheme 1. In brief, N,S-CDs were first synthesized
using o-lipoic acid and ethylenediamine as respective sulfur and
nitrogen sources. Then the as-prepared CDs and GO aqueous sus-
pensions were mixed and hydrothermally treated for 24 h. In this
procedure, GO was reduced into rGO by removing carbonyl and
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180 °C
hydrothermal
reduction

epoxy groups, and CDs were anchored onto rGO sheets. Two CD/
rGO composites doped respectively with N and S were synthesized
through similar procedures. The mass ratio of CDs and rGO was
controlled at a proper value (1:1) because more CDs would reduce
the electro-conductivity of composites and less CDs could not pro-
vide enough catalytic sites. rGOs doped with N, S or N,S were pre-
pared with the same approach and precursors as those for CD/rGO
composites. It should be mentioned that high-temperature calcina-
tion is often used to enhance the conductivity of carbon materials
and produce active sites for high ORR performances [34,35]. But
calcination will destroy CDs and induce unpredictable changes in
both structures and compositions of the well-designed composites.
In order to avoid any incomparable results, all treatments in the
present research were conducted at a lower temperature, i.e.
180 °C, than those (700-1000 °C) in literature.

3.2. Morphologies and internal structures of CD/rGO composites and
directly doped rGO samples

Morphologies of the CD/rGO composites were examined by
transmission electron microscopy (TEM, Fig. 1a, ¢ and e). It is
apparent that a uniform and complete coverage of CDs exists on
the surface of rGO, independent of dopants. In contrast, surface
of directly doped rGO samples exhibits smooth and clean features
(Fig. 1b, d and f). To verify the original morphology of CDs, TEM
micrographs of free CDs are illustrated (Fig. S1a-c). CDs are uni-
formly and well dispersed, with a mean particle size of approx.
2 nm, in accordance with those presented in CD/rGO composites
(Fig. 1a, c and e). Free rGO is also prepared and characterized by
scanning electron microscopy (SEM) and TEM (Fig. S1d and e,
respectively), revealing smooth and slightly wrinkled surface char-
acteristics, and overlapping at the fringes (Fig. S1f). In contrast,
TEM micrographs of N,S-CD/rGO, N-CD/rGO and S-CD/rGO
(Fig. S2a-c) display more wrinkled and rougher surfaces. Regarding
directly doped rGO (Fig. S2d-f), fewer and slighter wrinkles are
apparent in surface than those of CD/rGO composites. From a larger
scale perspective, N,S-CD/rGO composites exhibit porous and win-
kled structures (Fig. 1g and h, S3 and S4), whilst the directly doped
rGO samples show flat surface features. The nitrogen physisorption
measurements (Fig. S5) also prove that N,S-CD/rGO has a larger
specific surface area (289.54 m? g~!) than N,S-rGO (76.06 m? g~ ).
These results indicate that the incorporation of CDs contribute
greatly to the structural changes and an increase of edges in CD/
rGOs that can improve ORR performance [36].

N,S-CD/rGO

Scheme 1. Schematic illustration of the preparation procedures of N,S-CD/rGO composites and N,S-rGO controls.
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Fig. 1. TEM images of (a) N,S-CD/rGO, (b) N,S-rGO, (c) N-CD/rGO, (d) N-rGO, (e) S-
CD/rGO and (f) S-rGO; (g) SEM images of N,S-CD/rGO and (h) N,S-rGO. The inset
pictures are HRTEM images indicating one individual representative rGO decorated
with CDs, as marked by white arrows. The scale bars in the insets represent 2 nm.

XRD patterns of CD/rGO composites and directly doped rGO are
illustrated in Fig. 2a and b, respectively. Two broad peaks at about
25° and 44° are observed for all samples, corresponding to the
(002) and (1 00) diffractions of the graphitic carbon structures
[37]. XRD peaks of the doped samples (both CD/rGOs and directly
doped rGOs) are broader than that of free rGO, owing to the disor-
dered structures derived from heteroatom doping.

To elucidate doping effects on CDs, Raman spectra were
recorded to determine the defect ratios (Fig. 2¢ and d). It reveals
that two distinctive peaks around 1340 and 1580 cm™! correspond
to D band and G band, respectively. D band is associated with the
disordered sp? carbon structure of graphene, while G band is
ascribed to the typical E,g stretching mode of C=C bond in graphi-
tic materials. Ip/Ig value is widely recognized indicator of the dis-
order degree of carbon materials [38]. After CDs were loaded
onto rGO, Ip/lg value increases from 2.19 (rGO) to 2.31 (N-CD/

rGO), and 2.24 (S-CD/rGO), indicating the presence of
heteroatom-doped CDs in rGO. Given the highest Ip/lg value
(2.37), N,S-CD/rGO exhibits the most disordered structure of all
prepared samples, which can be ascribed to a synergistic effect of
N and S co-doping. Regarding the directly doped rGO samples in
Fig. 2d, N,S-rGO also presents the most defective structure with
the highest Ip/Ig value (2.26 for N,S-rGO, 2.25 for N-rGO and 2.21
for S-rGO). It is evident that Ip/Ig values of all directly doped rGO
samples are lower than those of their CD/rGO counterparts, imply-
ing that the incorporation of CDs contribute greatly to the disor-
dered structures of CD/rGO composites. Considering their small
size and high surface-to-volume ratios, CDs can introduce a high
density of defects, i.e. edges, into the composites and produce a
great number of active sites for ORR.

3.3. Chemical compositions and surface structures of CD/rGO
composites and directly doped rGO

Fourier transform infrared (FTIR) spectra (Figs. S6 and S7) indi-
cate all prepared samples contain hydroxyl, carbonyl and epoxy
oxygen groups, with respective absorption bands at around 3410,
1720 and 1400-1000 cm~'.[31] It is noted N-doped samples have
amide C—N absorption at 1450 cm™!, different from the others,
indicating that ethylenediamine reacts with carboxyl groups to
form amide groups when N dopants are loaded into the CDs on
the surface of rGO. Given the difficulty in discerning C—N/C—S
and N—H/S—H groups from the strong background of C—0 and
O—H absorption, X-ray photoelectron spectroscopy (XPS) was per-
formed to provide more information of chemical compositions and
surface structures. XPS full survey spectra (Fig. S8) display the ele-
mental compositions of all samples, and the corresponding con-
centrations of each element are listed in Table S1. It is clear that
all samples are mainly composed of C and O elements, while N
and S have been doped successfully into the CDs and rGO,
respectively.

High-resolution XPS peaks of N 1s and S 2p are plotted (Fig. 3),
and fitted (deconvolution) results are listed in Table S2. For N-CD/
rGO, N1s peak can be deconvoluted to be pyrrolic N (400.7 eV), gra-
phitic N (401.7 eV) and N oxide (402.7 eV) [39]. It is well-known
that graphitic N plays a key role in catalyzing ORR, whilst the N
oxide and the pyrrolic N contribute scarcely to ORR [13,40,41]. In
N,S-CD/rGO, the graphitic N ratio in all N species approaches
56%, exceeding greatly those in the other cases, i.e. N-CD/rGO
(38%), N,S-rGO (37%) and N-rGO (27%). For S-CD/rGO, S 2p spec-
trum of S-CD/rGO reveals two chemical states of S, namely thio-
phenic C—S—C (164.3 eV for 2ps3, and 165.5eV for 2p;;;) and
oxidized C-SO4-C (170.0 eV) [42]. Interestingly, the S 2p peak of
N,S-CD/rGO shifts to larger binding energy, and this was ascribed
to two new peaks representing benzothiadiazole-like S—N
(166.0 eV for 2psj; and 167.2 eV for 2py3) [42]. Such a S—N struc-
ture has been regarded profitable for ORR [43], but it is not
observed in N,S-rGO (Fig. 3h). Such a difference between N,S-CD/
rGO and N,S-rGO may result from their doping processes, which
will regulate their ORR performances. According to C 1s spectra
(Figs. S9 and S10), N,S-CD/rGO and N,S-rGO have the largest
C—N/C—S components of 26% and 27%, respectively. Considering
the high dependence of the activity of carbon-based catalysts on
the changed charge density of carbon atoms adjacent to heteroa-
toms [8,44], N,S-codoped samples have the highest density of
ORR active sites.

To elucidate the function of CDs, their XPS spectra were also
obtained and deconvoluted (Fig. S11). The full spectra of CDs in
Fig. 11a show evident N and S peaks at ~400eV and ~165 eV,
respectively, demonstrating the successful doping of N and S ele-
ments in CDs. In Fig. S11b-d, the high-resolution C 1s XPS spec-
trum of N,S-CDs shows a larger fraction of C—N/C—S components
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Fig. 2. (a, b) XRD patterns and (c, d) Raman spectra of all CD/rGO composites and the directly doped rGO samples. The Ip/Ig values were calculated by the area of the fitted

peaks.

(~285.6 eV) than both N-CDs (~285.9 eV) and S-CDs (~285.3 eV),
in accordance with the CD/rGO composites. The differences in
binding energy of these samples are ascribed to the larger elec-
tronegativity of N than that of S. For N 1s spectra (Fig. S11e, f),
the graphitic N fraction in N,S-CDs is larger than that in N-CDs,
with a predominant pyrrolic N component. Regarding S 2p spectra
(Fig. S11e, f), S—N structure exists exclusively in N,S-CDs, similar to
that of N,S-CD/rGO. All these results indicate that the special struc-
tural properties of N,S-CDs were deposited in the N,S-CD/rGO com-
posite, forming a good ORR catalyst.

3.4. Electrocatalytic activities of various rGO in ORR

In order to evaluate ORR performances of all samples, cyclic
voltammetry (CV) measurements were conducted in O, or N, sat-
urated 0.1 M KOH solution with a glassy carbon electrode on which
samples were loaded with same mass. All CV curves of the doped
rGO obtained in O, saturated KOH solution (Figs. S12 and S13)
show well defined cathodic peaks corresponding to the reduction
of oxygen, while that of free rGO is almost completely overlapped
with the curve in N, saturated solution (Fig. S12d). The transforma-
tion from zero-activity of rGO to significant ORR activity of the
doped rGO samples is undoubtedly ascribed to the heteroatom
doping. On one hand, the directly doped rGO samples show inferior
ORR performances to the corresponding CD/rGO composites
(Table 1). For instance, N,S-CD/rGO has a more positive reduction
potential and a larger current density than those of N,S-rGO. On
the other hand, ORR catalyzing performance also depends on
doped elements. Both N,S-CD/rGO and N,S/rGO samples exhibit
more positive cathodic peak potentials and larger current densities
than those of the individually doped counterparts. The mass ratio
of CDs and rGO was maintained at 1:1 to achieve the best catalytic
performance as mentioned above, and this is demonstrated by the
comparison of CV curves of different N,S-CD/rGO samples with
mass ratio ranging from 1:5 to 5:1, respectively. As shown in

Fig. S14, the N,S-CD/rGO (1:5) curve shows almost no oxygen
reduction peak, similar to that of rGO. When mass ratio of N,S-
CDs and rGO was increased to 1:1, the ORR current becomes more
evident. However, further increasing the proportion of N,S-CDs
leads to a decrease in cathodic reduction peak, signifying that
excess CDs may suppress the ORR activity. These results reveal that
a mass ratio of CDs and rGO of 1:1 leads to the highest ORR activity.

To gain deep insights of ORR activity, linear sweep voltammetry
(LSV) measurements were performed on a rotating-disc electrode
at different rotation rates for all samples (Figs. 4a, S15 and S16).
As shown in Fig. 4a and Table 1, N,S-CD/rGO exhibits the highest
current density and the most positive half-wave potential (0.69 V
vs. RHE) at a rotation rate of 1600 rpm. The kinetic current densi-
ties of all CD/rGO composites are higher than those of directly
doped rGO samples (Fig. 4b). Because ORR activities of carbon-
based materials are determined by the charge/spin distribution
induced by heteroatom-doping, which is more active in edges than
in basal planes, the higher ORR catalyzing activities of CD/rGO
composites can be ascribed to the higher density of graphitic N
at abundant edges of CDs. Notably, there are slight differences in
their electron-transfer numbers between CD/rGO composites and
directly doped rGO samples with same dopants (Fig. 4c and
Table 1). However, N,S co-doped CD/rGO and rGO samples show
quasi four-electron transfer pathways (3.90 for N,S-CD/rGO and
3.76 for N,S-rGO at 0.40 V vs. RHE), whilst the two-electron reduc-
tion pathway is dominant in the N or S solely doped samples. Such
differences may be ascribed to the synergistic effects of S and N co-
doping. In addition, the Tafel slope of N,S-CD/rGO (71 mV
decade™!) is lower than all the other samples, demonstrating the
excellent catalytic activity of N and S co-doped CD/rGO, further
suggesting a more favourable four-electron process over the N
and S co-doped CD/rGO catalyst.

For comparison, Pt/C (20%) catalyst was tested under the same
conditions. In Fig. S17b, the LSV curves of Pt/C at different rotation
rates are illustrated and a half-wave potential of 0.83 V vs. RHE at



P. Zhang et al./Journal of Colloid and Interface Science 537 (2019) 716-724 721

a N1s b N1s
; : graphitic N ; pyrrohc N graphltlc N
s oxidized N sl
2 >| amino N
£ z
S =
£ s
£ =

398 400 402 404 406 396 398 400 402 404 406

N1 N1s
c S d

- pyrrolic N - rrolic N

3|amino N 5 |amino N oy T

; graphitic N ; graphitic

£ £

s c

(7] [

£ £

396 398 400 402 404 406 396 398 400 402 404 406

S2p

Intensity (a.u.)
(7]
(@)
x
Intensity (a.u.)

162 164 166 168 170 172 174

S2
h p
3 = c-s-C
8 8
> > SOx
& 2
= =
2 L
. c N
162 164 166 168 170 172 174 176 162 164 166 168 170 172 174 176
Binding Energy (eV) Binding Energy (eV)

Fig. 3. High resolution N 1 s XPS spectra for (a) N-CD/rGO, (b) N,S-CD/rGO, (c) N-rGO and (d) N,S-rGO, respectively; and S 2p XPS spectra for (e) S-CD/rGO, (f) N,S-CD/rGO, (g)
S-rGO and (h) N,S-rGO, respectively.

Table 1

Summaries of ORR performance on various catalysts in O,-saturated 0.1 M KOH solution.
Catalysts Half-wave potential (V vs. RHE) Potential at 2 mA cm™2 (V vs. RHE) Peak potential (V vs. RHE) n
N,S-CD/rGO 0.69 0.71 0.68 3.90
N-CD/rGO 0.66 0.64 0.66 2.83
S-CD/rGO 0.68 0.67 0.66 2.89
N,S-rGO 0.67 0.66 0.63 3.76
N-rGO 0.66 0.62 0.62 2.89

S-rGO 0.66 0.63 Not observed 2.67
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Fig. 4. (a) LSV curves at 1600 rpm for CD/rGO and doped rGO samples in O,-saturated 0.1 M KOH solution, respectively. (b) and (c) The electron transfer numbers and kinetic
current densities at different potentials calculated through K-L equation for all studied samples. (d) The Tafel plots of all studied samples.

1600 rpm is obtained. This means that N,S-CD/rGO is still inferior
to the commercial Pt/C catalyst in terms of activity. The K-L plots
of Pt/C are also depicted in Fig. S17c, and the electron transfer
number of Pt/C at 0.4V vs. RHE is calculated to be 3.92, close to
that of N,S-CD/rGO. Furthermore, the Tafel slope of Pt/C
(Fig. S17d) is determined to be 86.9 mV/dec, even larger than that
of N,S-CD/rGO, which indicates N,S-CD/rGO has a good kinetic for
ORR. Moreover, the long-term durability of N,S-CD/rGO was mea-
sured through chronoamperometric curves (Fig. S18a), and the
results illustrate that the ORR current of N,S-CD/rGO decreases
more slowly than that of commercial Pt/C. In addition, the toler-
ance ability towards methanol was tested in an aqueous solution
containing 3 M of methanol, and the CV curve of N,S-CD/rGO in
methanol shows a negligible shift versus the control without
methanol (Fig. S18b), while the Pt/C (20%) shows poor methanol
tolerance (Fig. S18c). All the above ORR tests confirm that N,S-
CD/rGO presents the best electrocatalytic performance of all pre-
pared samples.

3.5. Relationships between the catalyst features and their ORR
catalyzing activities

ORR catalyzing activities of carbon-based electrocatalysts
depend on the reactivity of their catalytic centers and the spatial
effect of these active sites, in which the former is regulated by
doped heteroatoms while the latter is related to spatial structures.
Therefore, both the compositions and structures of our samples
were examined to elucidate the mechanistic relationships between
catalyst features and ORR performances.

With respect to composition, N and S dopants can lead to more
positive charge densities and enhanced spin densities on the adja-
cent carbon atoms, which are preferable for both chemisorption
and reduction of oxygen molecules [45]. Four kinds of N-
containing samples (N,S-CD/rGO, N-CD/rGO, N,S-rGO and N-rGO)
were prepared in the present study, of which the graphitic N is
regarded as an active dopant widely. In Fig. 5a, these N-doped sam-

ples were studied to reveal the ORR activities as a function of their
graphitic N fractions, where ORR activities are indicated by the
potential at current density of 2 mA cm™2 (E;j - ») and the kinetic
current density. The E; - , is selected rather than half-wave poten-
tial (E12) because the limit currents are not evident in our LSV
results, making it difficult to determine E;,. And the kinetic cur-
rent density was calculated as an average of those at 0.75V,
0.70 V and 0.65 V vs. RHE, respectively. These values were selected
since they are in the kinetic controlled region according to the LSV
curves, and their mean value is more representative to evaluate
ORR kinetics. It is evident that an increase in graphitic N fraction
of the samples leads to the increase in positive half-wave potential
and kinetic current density. However, an exception can be
observed in Fig. 53, namely N,S-rGO shows better ORR performance
than N-CD/rGO, which is inconsistent with their graphitic N frac-
tions. Such a small deviation can be ascribed to the influence of S
elements in N,S-rGO, because the N fraction cannot fully indicate
the ORR activities. Therefore the influence of active S fractions on
ORR activities is also illustrated in Fig. 5b, in which the ORR perfor-
mances of the S-containing samples (N,S-CD/rGO, N-CD/rGO, N,S-
rGO and S-rGO) were assessed in terms of total fractions of C—S—C
and S—N. Obviously, these active S components also play an impor-
tant role in ORR, showing a similar trend with that of E;;, and
kinetic current density. Therefore, it can be concluded that the
fractions of graphitic N and C—S—C/S—N structures are the key fac-
tors that affect ORR activities. Also, it is important to notice that
the ORR activity is not solely determined by single N or S compo-
nents. Therefore, when both graphitic N and active S components
exist in one sample, a synergistic effects will endow the sample
distinctive properties [46]. Fig. 5¢ reveals that the electron transfer
numbers of N,S-CD/rGO and N,S-rGO are close to four. In contrast,
all the singly-doped counterparts exhibit a two electron transfer
pathway in ORR catalysis. Comparing the co-doped and the solely
doped samples, the higher electron transfer numbers can be
ascribed to the more active catalytic sites of dual-doped
samples, since the increased charge and spin densities contribute



P. Zhang et al./Journal of Colloid and Interface Science 537 (2019) 716-724 723

27%

E
J
o
(<]
(3,
1
T
o

0.50

T
'
-

a P : &
- [ Graphitic N fraction| 4 £

<

_ 0704 L3 E
% —_— >
X 065 56% — PR
g \A g
> 0.60 38% 38% L1 ‘q&"
E E

Q

2

k]

=

<

N,S-CD/rGO N,S-rGO N-CD/rGO N-rGO

T c-

0.75 L4
0.70 «\\
88% — :

o
%)

-C + S-N fraction

£

o

<

E

i o 35
% 0.65 86% \ @
> 85% . 2T
> £
< 0.60 - 83% 2
0 =
wi r1s5
o

0.55 L

4

Lo g

N,S-CD/rGO S-CD/rGO

1

N,S-doped

N,S-rGO

[ cpbirGo
[_Ireo

|

S-doped

S$-rGO

o
2
T

N OO
;m o o

Electron transfer number

g
(=)

N-doped

Fig. 5. (a) Graphitic N species fractions and corresponding potentials at current
density of 2 mA cm™2 (Ej-2) as well as kinetic current densities of N-containing
samples. (b) C—S—C and S—N total fractions and corresponding E;-, as well as
kinetic current densities of S-containing samples. (c) Differences in electron transfer
number between N,S-doped samples, and N or S doped samples.

significantly to ORR selectivity [35]. It has been proved that S
dopants can thermodynamically improve the ORR performance of
N-doped carbon allotropes by lowering the activation barrier for
0,* — OOH* step [47], well explaining the synergy of the S and N
doping here.

With respect to structures, CD/rGO samples have three advan-
tages compared to directly doped rGO, including high surface-to-
volume ratios, abundant edges and active sites on the protuberant
nanoparticles. Though the graphitic N is beneficial for ORR, there
are some arguments that its locations inside the graphene sheets
will hinder its exposure to oxygen molecules and reduce the elec-
tron conductivity [48]. In our zero-dimensional CDs, however, gra-
phitic N locating on the surfaces of nanoparticles are much more
active. In fact, the graphitic N at edges is proved to be more energy
favourable than that in planes [49]. In terms of sulfur dopants, the

N,S-CD/rGO

N,S-rGO

Scheme 2. Schematic illustration of the structures of N,S-CD/rGO and N,S-rGO, and
the associated ORR pathways.

thiophene-like C—S—C structure is preferentially located at edge
sites, since it is difficult for S atoms to substitute sp? carbon atoms
[4]. Therefore, the structure of CDs are favourable for the doping of
S, which contributes greatly to the higher C—S—C/S—N fractions
and ORR activities of CD/rGO composites in Fig. 5b. Scheme 2 illus-
trates that such structural advantages endow N,S-CD/rGO higher
ORR reactivity than N,S-rGO, which is attributed to the hierarchical
structure and more exposed active sites in N,S-CD/rGO [50].

4. Conclusions

We prepared a series of carbon based ORR electrocatalysts
through similar procedures for comparative investigations, and
found both heteroatom-doping and substrate-constructing are
key factors for their ORR activities. With respect to the
heteroatom-doping, the effective components are graphitic N
atoms and C—S—C/S—N species, which improve the half-wave
potential and the current density. The synergistic effects of N,S
co-doping endow the samples a preferred four-electron transfer
pathway in ORR. With respect to substrate-constructing, active
sites on CD surfaces exhibit better ORR activities than those in
rGO planes, because the former locate in abundant edges/defects
and have more access to oxygen molecules. As a result, N,S-CD/
rGO exhibits the best ORR performance in all samples. Our present
work provides valuable references for designing and constructing
carbon-based catalysts, and proves CDs are a new class of cost-
effective, stable, effective and adjustable catalysts for energy con-
version applications.
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