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Abstract: Transition metal (Fe, Co, Ni) complexes on carbon nanomaterials are promising candidates
as electrocatalysts towards the oxygen reduction reaction (ORR). In this paper, nitrogen-doped hollow
carbon spheres with embedded Co nanoparticles were successfully prepared via a controllable
synthesis strategy. The morphology characterization shows that the hollow carbon spheres possess
an average diameter of ~150 nm with a narrow size distribution and a shell thickness of ~14.5 nm.
The content of N doping ranges from 2.1 to 6.6 at.% depending on the calcination temperature from
900 to 1050 °C. Compared with commercial Pt/C, the Co-containing nitrogen-doped hollow carbon
spheres prepared at 900 °C (CoNHCS-900) as an ORR electrocatalyst shows a half-wave potential
shift of only AE;,, = 55 mV, but a superior stability of about 90.2% maintenance after 20,000 s in
the Oy-saturated 0.1 M KOH at a rotating speed of 1600 rpm. This could be ascribed to the synergistic
effects of N-containing moieties, Co-Ny species, and Co nanoparticles, which significantly increase
the density of active sites and promote the charge transfer during the ORR process.
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1. Introduction

In recent years, fuel cells have been attracting lots of attention due to their high energy conversion
efficiency for converting chemical energy into electricity [1-5]. The entire reaction process occurring in
fuel cells contains two half-reactions; one is the oxygen reduction reaction (ORR) at the cathode and
the other is the hydrogen oxidation reaction (HOR) taking place at the anode. The energy transfer at fuel
cells, however, is restricted by the intrinsically sluggish kinetics of ORR [6,7]. Although many catalysts
such as Pt/C and Pt alloys are traditionally used to improve the reaction efficiency, the large-scale
practical application of them is still difficult due to their high cost, low durability, and scarcity.
In order to solve these problems, heteroatom-doped carbon catalysts used in the ORR process have
been developed in recent years [8-12]. Nitrogen doping has been extensively studied for its similar
size to carbon, while the N atom has one electron more than carbon in the external shell [13,14].
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Recent studies have shown that heteroatom-doped carbon-based nanomaterials exhibit a good stability,
and are low-cost alternatives to commercial Pt/C [14-17]. Meanwhile, transition metals have received
intensive attention, mainly owing to their ability to modify the electronic properties of the surface
carbon layer [18-22]. With a large number of papers emerging on transition metal-based carbon
materials, there are two types of notions about active sites. Some have argued that the metal center
is good for the ORR, while others have shown the significance of the transition metal nanoparticles,
besides the M-Ny, to the ORR [23,24].

Co-based composites have been studied as oxygen evolution reaction (OER) or ORR
electrocatalysts due to their high catalytic efficiency [25,26]. However, Co-based catalysts have
mostly been used for OER and showed limited electrocatalytic activities compared with noble
metal-based catalysts in alkaline solution for ORR. For example, Lee et al. described the synthesis of
nitrogen-doped hollow carbon spheres to encapsulate mixed cobalt-nitride (Co-N) and cobalt-oxide
(Co-0O) nanosized species, which shows enhanced bifunctional oxygen electrochemical activity [27].
Moreover, cobalt-nitride nanoparticles have been prepared within nitrogen-doped carbon spheres [28],
which were studied as the ORR electrocatalysts in basic solution.

Herein, we present a successful synthesis of cobalt nanoparticles and Co-Ny species within
nitrogen-doped hollow carbon spheres using a soft template method, ammonia decomposition,
and impregnation method. In the experiment, PEO-PPO-PEO triblock copolymers (P123) and
sodium oleate (SO) were used as a double surfactants soft template, while 2,4-dihydroxybenzoic
acid (DA) and hexamethylentetramine (HMT) served as the carbon sources. The N was doped
by the decomposition of ammonia at a high temperature and Co was subsequently anchored on
the nitrogen-doped hollow carbon spheres. The catalysts were obtained by carbonization at different
temperatures. These Co-embedded NHCSs were also measured as the cathode catalysts in an alkaline
environment. The reaction mechanism and active sites were also explored and discussed.

2. Experiment Section

2.1. Reagents

Potassium thiocyanate (KSCN), cobalt(Il) chloride hexahydrate (CoCl,-6H,0),
2,4-dihydroxybenzoic acid (DA), hexamethylentetramine (HMT), potassium hydroxide (KOH),
sodium oleate (SO), anhydrous ethanol (EtOH), methanol (CH3OH), and ammonia (NH3) were
purchased from Sinopharm Chemic Reagent Co. Ltd. (Shanghai, China) Nafion solution (5 wt%) and
the PEO-PPO-PEOQ triblock copolymers P123 (EO9PO7pEO,, M., = 5800) were obtained from Aldrich.
The commercial Pt/C catalyst (20 wt%) was purchased from Johnson Matthey (London, UK). Ultrapure
water was used during the synthesis, either.

2.2. Sample Preparation

Synthesis of hollow polymer spheres (HPSs). The synthesis of HPSs is referred to in the previous
study about hydrothermal polymerization [29-31]. Double surfactants (P123 and SO) were the soft
templates, which can react with each other to form the mixture micelle because of the hydrophobic
interaction. DA and HMT were the carbon sources. Firstly, DA (2.4 mmol) and HMT (2 mmol) were
added in the deionized water (120 mL) with vigorous stirring for about 10 min until they had dissolved
as solution ‘A’. Afterwards, the solution ‘B’ that contained SO (0.48 mmol) and P123 (0.015 mmol) with
deionized water (40 mL), was slowly poured into solution A. The mixture turned from hyaline to milk
white under vigorous stirring for 10 min to homogenize the solution. Then, the mixed solution was
transferred to a Teflon-lined stainless-steel autoclave (200 mL). The autoclave was sealed and heated at
160 °C for 8 h. After cooling, the resulting precipitates were collected by centrifugation and washed
with deionized water several times. The solid was ground to powder after drying at 80 °C under
vacuum overnight.
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Preparation of nitrogen-doped hollow carbon spheres (NHCSs). The HPSs were thermally treated
at 650 °C for 3 h with a heating rate of 2 °C min~! in NHj; atmosphere at a gas flow rate of 40 sccm to
obtain NHCSs.

Preparation of Co-containing nitrogen-doped hollow carbon sphere (CoONHCS). The calculated
CoCly-6HpO was dissolved into EtOH and then the NHCSs were dispersed into this solution
under magnetic stirring for 30 min at 80 °C. The doping content of Co in CoNHCSs was 2 wt%.
After the evaporation of EtOH, the arid mixtures were then heated at 750, 900, or 1050 °C in Ar for 3 h,
respectively. The samples were accordingly named CoNHCS-750, CoNHCS-900, and CoNHCS-1050.

Preparation of control samples. To study the effect of N, the control sample without N doping was
also prepared. The carbonization of HPSs was conducted in Ar at 650 °C for 3 h with a heating rate of
2 °C min~! and the resulting material was named as hollow carbon spheres (HCSs). Then, the HCSs
were mixed with the CoCl,-6H,O by using the same ratio and procedure. Finally, the mixture was
heated at 900 °C, named Co-containing hollow carbon spheres (CoHCS-900).

2.3. Characterization

The morphology of the samples was carried out with a field emission scanning electron
microscope (FESEM, FEI Magellan 400, Hillsboro, OR, USA) and the microstructure was characterized
using transmission electron microscopy (TEM, JEM-2100F, Tokyo, Japan). Raman spectra were
obtained on a DXR Raman Microscope (Thermal Scientific Co., Waltham, MA, USA) with a
532 nm excitation length. The specific surface area and the pore structure of the samples were
analyzed by nitrogen adsorption-desorption isotherms measured at 77K (Micrometitics, Norcross,
GA, USA). The specific surface areas were calculated with the Brunauer-Emmett-Teller (BET) method.
The Pore size distributions were calculated using the Barrett-Joyner-Halenda (BJH) model from
the adsorption branch. The total pore volume was ascertained from the amount of nitrogen adsorbed
at a relative pressure of 0.99. The samples were treated at 300 °C overnight under vacuum during
the measuring procedure. X-ray photoelectron spectroscopy (XPS) measurements were performed on
an ESCALAB 250 X-ray photoelectron spectrometer using Al K« source (h, = 1486.6 eV) radiation
to analyze the surface of the samples. X-ray diffraction (XRD) was carried out on a D8 ADVANCE
diffractometer at 40 kV and 100 mA with Cu-Ka radiation to determine the phase and crystal structure

of the samples. The diffraction angle ranged from 10° to 80° at a rate of 2° min~!.

2.4. Electrode Preparation and Electrochemical Measurements

Catalyst inks for the test were prepared by mixing 5 mg of catalyst, 500 uL of EtOH, 500 pL of
deionized water, and 30 pL of Nafion solution (5 wt%, Sigma-Aldrich, St. Louis, MO, USA), followed
by ultrasonication for 2 h. The Pt/C catalyst (20 wt% Pt on carbon, Sigma-Aldrich, St. Louis, MO,
USA) ink was prepared in the same way for comparison. Afterwards, the ink (20 uL) was dropped on
the working electrode disk (5 mm diameter, 0.19625 cm? of geometric surface area) by a micro injector
and it was dried to form a film at 50 °C for 10 min.

The electrocatalytic activity of the samples was tested using a three-electrode system in the 0.1 M
KOH aqueous solution by using an electrochemical workstation (Pine Instrument Co., Grove City,
Puerto Armuelles). A saturated calomel electrode (SCE) and a Pt plate were used as the reference
electrode and the counter electrode, respectively. The potentials of all the electrochemical test results
were transferred to the reversible hydrogen electrode (RHE). The relationship between E(vs. RHE) and
E(vs. SCE) is shown as follows:

E(vs.RHE) = E(vs.SCE) + Egcg + 0.0591 pH 1)

where the Egcg at 25 °C is 0.2415 and the pH of 0.1 M KOH is considered as 13.
Cyclic voltammetry (CV) or linear sweep voltammetry (LSV) measurements were carried out with
a rotating disk electrode (RDE), and a rotating ring disk electrode (RRDE) was used as the working
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electrode for dual-electrode CV measurements. The electrolyte was purged with high-purity bubbling
Ny or O for at least 0.5 h before the test and all the experiments were carried at 25 °C. Before each test,
a CV with a scanning rate of 200 mV s~! was first collected to determine the non-Faradaic current.

For the RDE test, a cyclic voltammetry (CV) measurement was conducted from —0.1 to 1.2 V
(vs. RHE) in O,-saturated in 0.1 M KOH solution with a sweep rate of 200 mV s~! for 50 cycles for
the activating electrode. Then, it was performed with 10 mV s~ for three cycles for data recording.
Linear sweep voltammetry (LSV) measurements were performed in O,-saturated 0.1 M KOH by
sweeping the potential from 0.2 to 0.8 V (vs. RHE) at a rate of 10 mV s~! with different rotating speeds
from 400 to 2025 rpm.

The electron transfer number (n) was calculated according to Kouteky-Levich (K-L) Equations (2) and (3),

as follows: . , 1
] - Jk " Bw!/? ?
B = 0.2nFCo,Dg v~/ (3)

where ] is the measured current density, Jy is the kinetic limiting current density, w is the electrode
rotating rate, n is the electron transfer number, F is the Faraday constant (F = 96,485 C mol 1), Co, is
the bulk concentration of O, for 0.1 M KOH (Cpo, = 1.2 x 10~®mol cm™3), Do, is the diffusion
coefficient of O, for 0.1 M KOH (Dy, = 19 x 1072 em? s71), and v is the kinetic viscosity
(v = 0.01 cm?s™ ).

In the case of RRDE, a catalyst-coated glassy carbon (GC) disk (0.2475 cm?) surrounded by a Pt
ring (0.1866 cm?) was used as a working electrode. The ring potential was held at 1.2 V (vs. RHE) with
a rotating speed of 1600 rpm at the scanning rate of 10 mV s~!. The ring current and disk current were
collected from the GC disk and Pt ring in O;-saturated 0.1 M KOH, respectively. The apparent number
of electrons transferred (n) and the percentage of HyO; released (%H;0O,) during the ORR process
were calculated according to the following equations:

Iq
=4 4
SRS FEN RN @)
I
%H,0, = 200 x o/N 5)

I+ L/N

where 14 is the disk current, I; is the ring current, and N is the collection efficiency of the Pt ring
electrode (N = 0.37).

3. Results and Discussion

The SEM images in Figure 1 demonstrate the morphology of the as-prepared samples. Figure 1a,c,e
are the back-scattering electron images of CoONHCS-750, CoONHCS-900, and CoNHCS-1050, in sequence.
The well-distributed white dots in the images are attributed to Co particles, because the Co?* was
reduced to Co by carbon materials in the heating process. Meanwhile, at high temperature, the resultant
Co nanoparticles penetrated into the inside of the NHCSs from the surface. Correspondingly,
Figure 1b,d,f show the uniform morphology of the carbon spheres, with a diameter from 130 to
180 nm. The marked sites by red circles are the Co particles, agreeing well with the bright spots in
the back-scatting images. TEM images of CoONHCS-900 (Figure S1) further confirm the morphology of
the as-prepared samples. Namely, the Co nanoparticles embedded into the hollow carbon spheres,
while the carbon spheres with a diameter of about 140 nm show a shell thickness of 14.5 nm. The particle
size distributions of all the samples synthesized at different conditions are summarized in Figure S2.
Most carbon spheres counted from the SEM images were in the range of 130 to 180 nm, resulting in an
average diameter of ~150 nm. The unique hollow structure with Co nanoparticles and N doping could
be favorable for improving the catalytic activity owing to the increased mass transfer [32].
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Figure 1. Back-scattering electron SEM images of (a) CoNHCS-750, (¢) CoNHCS-900, and
(e) CoNHCS-1050, respectively. The white dots are Co particles. SEM images of (b) CoNHCS-750,
(d) CoNHCS-900, (f) CoNHCS-1050, (g) CoHCS-900, and (h) NHCS-900, respectively. The red circles
show the Co particles on the surface of carbon spheres.

The X-ray diffraction studies of the CONHCSs, CoHCSs-900, and NHCSs samples were obtained
for establishing the nature of the carbon and the Co active species. The XRD patterns of the samples
display two broad diffraction peaks at 25° and 44°, which can be indexed to carbon (002) and (101)
diffractions, respectively (Figure 2). The crystalline structure can be identified as alpha-Co with three
crystal planes including (111), (200), and (220), among Co-containing samples. For three CONHCS
samples, the peak intensity of Co gradually increases with the treatment temperature. Additionally,
with Co doping, CoNHCS-900 and CoNHCS-1050 show an increased graphite (002) peak, indicating
the increased graphitization degree. During the heating process of CoCl, and NHCSs, the CoCl,
loses lots of crystalliferous water at 110 °C and it reacts with carbon to form a Co substance when
the temperature is above 400 °C. The catalysis of Co promotes the transformation of carbon spheres
from amorphous to graphitic carbon. This phenomenon was explained by a dissolving-precipitating
mechanism, which means that carbon can be solved with catalysts and part of the amorphous carbon
changes to graphitic carbon [33].

w_—

CoHCS-900

CoNHCS-1050

CoNHCS-900

Intensity (a.u.)

CoNHCS-750
PDF#15-0806 a 1| &) @ f: 0) (220)
10 20 30 40 50 60 70 80
2 Theta (°)

Figure 2. Powder XRD patterns of CONHCSs at different temperatures and reference samples [Co
(JAPDS = 15-0806)].
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To understand the impacts of the embedded Co in the NHCS catalysts, an X-ray photoelectron
spectroscopic (XPS) analysis was conducted. The XPS measurement shows the chemical states of
C, N, O, and Co in the samples. In Figure 3a, the C, N, O, and Co peaks can be seen clearly
for all CONHCS samples. All CoNHCS samples show dominant narrow C 1s, weak O 1s, N 1s,
and Co 2p peaks at 284, 531, 400, and 786 eV, respectively [34-36]. For comparison, we also
synthesized the CoHCS-900 by using the same treatment without NHj3 dissociation and NHCS-900
without adding Co. There are no peaks of Co for NHCS-900 and no peaks of N for CoHCS-900.
In addition, the elemental compositions of CoNHCSs, CoHCS-900, and NHCS-900 determined by
XPS analysis are listed in Table 1. The content of N and Co both decreased with the increase of
temperature, because there is no decomposition of CoCl, but a small amount of volatilization of N via
nitrogen-based gas. nitrogen-doped into carbon can be considered as n-type doping. It contributes
to electrocatalytic activity because N can regulate the distribution of electrons and manufacture
defects in the carbon materials. Nitrogen can be divided into four bounding configurations as
pyridinic N (398.3 eV), pyrrolic N (400.2 eV), graphitic N (401.1 eV), and oxidized N (402.2 eV) [37,38],
as shown in Figure 3b—e. And the relative contents of four kinds of nitrogen functional groups are listed
in Table 2. Previous studies suggest that both pyridinic N and graphitic N sites might have equally key
roles for ORR owing to the interconvertion between them during the ORR [39]. The high-resolution
N 1s XPS spectra of CoONHCSs and NHCS-900 at different temperatures were analysed, as shown
in Figure 3b—e. The different kinds of N contents are listed in Figure 3f, in which the graphitic N
for CoNHCS-900 accounts for the highest content. This could be caused by the existence of Co
nanoparticles, which influence the bounding configurations of N.

Pyridinic-N Raw
ij\z* NHCS-900 b 398.3 eV — Intensity
- 3
E J,V CoHCS-900 _lg'_
= >
- Pyridinic-N-O
g l CoNHCS-1050 § 4023 6V
é CoNHCS-900 E
- ‘ CoNHCS-750
Cis Nis _ Ofs Co2p Cotiic > 150
200 300 400 500 600 700 800 900 394 396 398 400 402 404 406 408 410
Binding Energy (eV) Binding Energy (eV)
Raw Raw
C — Intensity d — Intensity
Pyridinic-N
; 398.3 eV ‘; Pyridinic-N
s Pyridinic-N-0 s 398.3 eV Pyridinic-N-O
> 40226V > / n22ev
] Pyrrolic-N ‘@ | Pyrrolic-N
_n=3 400.2 eV 5 400.2 eV
E E
NHCS-800 CoNHCS-1050
394 396 398 400 402 404 406 408 410 394 396 398 400 402 404 406 408 410
Binding Energy (eV) Binding Energy (eV)
50
e Raw f I Pyridinic-N [l Quaternary-N
Pyridinic-N — Intensity [ Pyrrolic-N I Pyridinic-N-O
398.3 eV 40
= / g
8 Pyridinic-N-O o 30
> 402.2 eV -4
& Pyrrolic-N E 20
S [4002ev §
£ £ 10
GoNHGS-900

394 396 398 400 402 404 406 408 410 B B & ®

Binding Energy (eV) S oéi?‘ & 00\8* 9&00‘&5“@

Figure 3. (a) XPS spectra of CONHCSs and control samples, (b—e) high-resolution N 1s XPS spectra of

CoNHCSs at different temperatures and (f) the relative percentage (%) of four N functional species
obtained from the deconvoluted N 1s XPS peaks.



C 2018,4,11 7 of15

Table 1. Elemental composition of NHCSs and CoNHCSs determined by XPS analysis.

Samples Carbon (at.%) Nitrogen (at.%) Oxygen (at.%) Cobalt (at.%) N/C Molar Ratio
CoNHCS-750 88.0 6.6 49 0.5 0.075
CoNHCS-900 91.7 3.8 4.1 0.4 0.041

CoNHCS-1050 94.6 2.1 3.0 0.3 0.022
CoHCS-900 96.0 0 3.8 0.2 -
NHCS-900 91.0 4.5 4.5 0 0.049

Table 2. The peak position and relative composition of different nitrogen groups obtained from the N

1s signal.
Pyridine-N Pyrrolic-N Quaternary-N Pyridine-N-O

Sample Peak Position Peak Position Peak Position Peak Position
(eV) " (eV) o (eV) P (eV) -
NHCS-900 398.3 441 400.2 9.3 401.1 35.1 402.2 11.5
CoNHCS-750 398.3 42.6 400.2 16.9 401.1 28.9 402.2 11.6
CoNHCS-900 398.3 28 400.2 16.1 401.1 38.8 402.2 171
CoNHCS-1050 398.3 23.8 400.2 16 401.1 38.4 402.2 21.8

The high-resolution spectra of Co for CoONHCSs and CoHCS-900 were analysed, as shown
in Figure S3. The peaks at about 778.3 and 793.3 eV can be assigned to metallic states of cobalt,
while these peaks at 780.7 and 796.5 eV and their respective satellites at 786.8 and 803.5 eV correspond
to the binding energies of Co 2p®/? and Co 2p'/2 of the oxide phase of the cobalt, respectively [40,41].
Therefore, the Co element mainly exists in the form of Co-N and Co particles.

The highly mesoporous nature of CONHCSs was further confirmed by the BET measurement [42].
The BET isotherm derived from nitrogen at 77 K shows that the total surface area of Co-doped
carbon materials increases gradually, which is considerably less than that of the control sample NHCS
without Co. The total surface area reaches 582 m? g~! for CONHCS-900 (Figure 4a). Similarly,
the total pore volumes at P/Py of 0.99 for all samples are listed in Table 3. The volume of
CoNHCS-900 reached the maximum value. Besides, the adsorption isotherm and pore size analysis
of CoNHCSs, CoHCS-900, and NHCSs (Figure 4b) demonstrate the predominant presence of wide
micropores and mesopores [43-45]. Compared with CoNHCS-900, CoHCS-900 shows a smaller
surface area and volume. This means that the addition of N improves the structure of materials, thus
increasing the surface area and pore volume. According to the classification criteria formulated by
the International Union of Pure and Applied Chemistry (IUPAC), the pores of carbon materials can
be divided into micropores, mesopores, and macropores, of which the mesopores (2-50 nm) have
a large specific surface area and a suitable pore volume. The pore size distribution is uniform and
continuously adjustable in the range of micropores and mesopores. For these samples, there are
high-density N/C active centers produced from the ammonia dissociation and Co has been considered
as part of the catalytic site. Thus, CONHCSs are potential candidates as ORR electrocatalysts.

Table 3. Specific surface area and pore structure of the CoNHCS-750, CoONHCS-900, CoNHCS-1050,
CoHCS-900, and NHCS-900.

Sample Sger ? (m?-g~1) Viotal ° (cm®.g~1) Pore Size ¢ (nm)
CoNHCS-750 617 1.11 2.0, 20~40
CoNHCS-900 582 1.86 1.7, 20~40

CoNHCS-1050 522 1.50 1.9, 20~40
CoHCS-900 436 1.27 1.9, 20~40
NHCS-950 805 1.31 1.9, 20~40

2 Determined by the BET method at P/Py of 0.05-0.15. © Total pore volume for pores at P/Py of 0.99. ¢ Determined
by the BJH method from the adsorption branch.
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Figure 4. (a) N, adsorption-desorption isotherms of samples and (b) the pore size distribution curves
of samples.

Raman spectroscopy was used to confirm the structure information and the degree of
the graphitization on the samples [46]. Raman spectra for carbon materials are shown for comparative
purposes (Figure 5). The D band ranging from 1200 to 1450 cm ™! stands for defect and the G
band ranging from 1500 to 1600 cm~! represents the crystallization degree of the sp? hybrid carbon
atoms [47,48]. The carbonization of the samples was implied by Ip /I for all samples where the D and
G bands can be obviously seen at ~1346 and 1590 cm !, respectively. Besides, the ratios of the Ip/Ig
are 1.02, 1.06, and 1.07 for CoNHCSs which were prepared at 750, 900, and 1050 °C, while 1.04 for
CoHCS-900, and 1.03 for NHCS-900, respectively. That is, as the temperature increases gradually
from 750 to 1050 °C, the ratio of Ip /I increases slightly, indicating that the increasing temperature
introduces more defects [49]. The introduction of two elements (Co and N) can initiate a lower
graphitization degree and many more defects, as demonstrated by the Ip /I ratio of CoNHCS-900,
CoHCS-900, and NHCS-900. It was reported that the increased defects can promote the oxygen
reduction reaction [50].

1,1,=1.02

ICONHCS-1050 1,1,=1.07

CoHCS-900

Intensity (a.u.)

I,/1,=1.04

1,1,=1.03

750 1000 1250 1500 1750 2000
Raman Shift (cm™)

Figure 5. Raman spectra of NHCS-900, CoHCS-900, and CoNHCSs prepared at different temperatures.
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To evaluate the catalytic performance, all samples were examined by using a three-electrode
system in an O, or a Np-saturated 0.1 M KOH solution [51]. The electrocatalytic ORR performances
of CoONHCSs were measured using the rotating disk electrode (RDE) method after activation by
cyclic voltammograms. For comparison, the ORR properties of CoHCS-900 and NHCS-900 were also
evaluated to obtain the effect of N and Co individually. Figure S4a shows the CVs of CoNHCSs,
N-free CoHCSs, and NHCS catalysts in an O,-saturated 0.1 M KOH solution between —0.1 to 1.2 V
(vs. RHE). The cathodic peaks of the CoNHCSs-900 are more positive than those of the NHCS-900
(0.715 V) and CoHCS-900 (0.635 V). The potential histograms (Figure S4b) of the cathodic peaks indicate
the apparent ORR activity of the samples and the CoONHCS-900 owns the best ORR activity among
the series. Whereas only featureless double-layer charging currents for CONHCS-900 were observed in
Nj-saturated 0.1 M KOH within —0.1 to 1.2 V (vs. RHE), there is a clear cathodic peak that appears at
0.8 V (Figure 6a) when the solution was saturated with O,.

1
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Figure 6. (a) The CV curves of the CONHCS-900 in O, and Nj-saturated 0.1 M KOH solution; (b) LSVs
of CoNHCSs at different temperatures, CoHCS-900, NHCS-900, and commercial Pt/C in O,-saturated
0.1 M KOH solution at a rotation rate of 1600 rpm; (c) the onset and half-wave potential of samples;
(d) the limit current density of samples at 0 V (vs. RHE) in O,-saturated 0.1 M KOH solution at a
rotation rate of 1600 rpm; (e) LSVs for the ORR using CoNHCS-900 in O,-saturated 0.1 M KOH solution
at different rates; (f) K-L plots based on the LSVs curves of CoONHCS-900.
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The ORR performance of different samples was further researched by linear sweep voltammetry
(LSV) in 0.1 M KOH in the O;-saturated at the rotating speed of 1600 rpm, as shown in Figure 6b.
For CoNHCS-900, the onset potential is close to that of CONHCS-750 and better than CoNHCS-1050,
so is half-wave potential. Moreover, CoNHCS-900 exhibits the highest limiting current density,
which is comparable to the previously reported values of Co-doped carbon materials in the literature,
for instance, Co-N-CDC [33], Co/carbon nanotubes [52], and Co-doped carbon microspheres [53].
A more positive onset potential and larger limiting current density are needed for ORR in catalysts.
The specific parameters of Eonget, E1 /2, and the limiting current density were plotted as a histogram
in Figure 6¢,d, respectively. This indicates that 900 °C is the best heat-treated temperature for
Co-embedded carbon materials. A higher treatment temperature may destroy the hollow carbon
spheres’ structure so that the surface area and active sites with Co-N-C are affected. In contrast, a lower
temperature makes it difficult to form enough active sites. The result conforms to the results obtained
from BET and XPS.

In order to study the dominant factors for the catalytic activity of CoNHCSs, the results
of CoHCS-900 and NHCS-900 were compared. Obviously, N-free carbon material demonstrates
the poorest potential and limiting current density for ORR among the samples, while NHCS-900 had
a similar onset potential and inferior limiting current density compared with CoNHCSs. Notably,
it coincides with the highest total concentrations of pyridinic and graphitic nitrogen in the hollow
carbon sphere (Figure 3f), although it has the low N content (2.1-6.6%). This suggests that the ORR
activity relating to onset potential was most likely determined by both nitrogen species [54,55]. Besides,
the Co-N-C activity sites are favorable for the current density. In this work, the result relating to
the superior ORR activity of CoNCHS-900 can be attributed to the large surface and exposure of
active sites. Meanwhile, the embedded Co nanoparticles in carbon materials are good for the electron
transfer as well as the electrical conductivity. LSV curves of all the samples at the rotation speeds
ranging from 400 to 2050 rpm were also collected at the sweep rate 10 mV s~ ! (Figure 6e and Figure S5).
The current density of the LSV curves at 0 V increases gradually with the increasing rotating speed,
which can be ascribed to the fast diffusion. The exact electron transfer number (n) can be calculated
based on the LSV data according to the Koutecky-Levich (K-L) equation (Equations (2) and (3)) [56,57].
The results were then analyzed to gain further insights into the ORR kinetics [56,57]. The n value of
the samples obtained from Figure 6e was calculated to be 3.78-3.94 for CoONHCS-900 at potentials from
0.1 to 0.4 V (vs. RHE), signifying that CONHCS-900 shows a nearly 4 e~ transfer pathway for the ORR.
The resulting CoNHCS-900 shows a superior limiting current density to those Co-containing porous
carbon spheres (Table S1).

The rotating ring-disk electrode (RRDE) experiments were also performed to further verify
the ORR pathways of the samples. Figure 7a,b show the disk current and ring current of all samples,
as well as commercial Pt/C in the O,-saturated 0.1 M KOH at the rotation rate of 1600 rpm, respectively.
In terms of the disk current density, CONCHS-900 shows inferior half-wave potential E; /, to Pt/C
by 55 mV, but is better than some materials obtained by other modification methods [58,59]. Firstly,
the transferred electron numbers (n) were calculated by the disk and ring currents by Equation (4)
and depicted in Figure 7c. The n of CoNHCS-900 at a potential range from 0.2 to 0.8 V (vs. RHE)
is 3.63-3.92, which is close to that of Pt/C and similar to the result of K-L plots. This indicates that
ORR proceeded through a nearly four-electron pathway, while CoNHCS-900 is slightly better than
the rest of the samples.

The n of CoONHCS-750, CoNHCS-1050, CoHCS-900, NHCS-900, and Pt/C is 3.73-3.90, 3.72-3.90,
2.76-3.51, 3.12-3.54, and 3.77-3.93, respectively. The measured H,O; yield of CONHCS-900 according
to Equation 5, is 4.30-14.11% over the potential ranging from 0.2 to 0.8 V (vs. RHE), which is close
to that of Pt/C (3.58-8.63%) and is lower than those of CoONCHS-750 (4.30-18.57%), CoNHCS-1050
(8.56-14.11%), CoHCS-900 (24.80-62.19%), and NHCS-900 (23.29-43.90%). These results further confirm
that CoONCHS-900 is an efficient electrocatalyst for ORR.
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Figure 7. (a,b) LSVs on the RRDE for all samples and commercial Pt/C in O;-saturated 0.1 M
KOH solution at a rotation rate of 1600 rpm. The ring potential was held at 1.2 V (vs. RHE),
(a) disk currents and (b) ring current; (c) the calculated number of transferred electrons (n) based on
the corresponding RRDE data in (a,b); (d) the determined peroxide percentage over various potentials
based on the corresponding RRDE data in (a,b).

The long-term stability and tolerance to the crossover effect of the ORR electrocatalysts are also
significant parameters in practical applications in fuel cells. The choronamperometric measurement
was recorded after 20,000 s in the O,-saturated 0.1 M KOH at 0.4 V (vs. RHE) at a rotating speed of
1600 rpm (Figure 8a). A clear decrease for Pt/C in current density was observed after less than 1 h.
Additionally, there is 74.2% current retention at 20,000 s, while the current retention of CoONHCS-900 is
90.2%, which is much better than that of Pt/C, suggesting the excellent stability of the ORR in alkaline.
The difference also manifests in the anti-methanol test after about 1000 s at 0.4 V (vs. RHE) in an
Os-saturated 0.1 M KOH while adding 3 M methanol at 200 s. The current of Pt/C decreases sharply
when the methanol is added into the cell at 200 s. However, there is no obvious change in the current
density for the CONHCS-900. In the end, the current density of CONHCS-900 can remain at about 82.5%,
which is much higher than that of Pt/C (60.4%). This indicates the strong tolerance of CoONHCS-900 to
the methanol poisoning effect.
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Figure 8. (a) Current-time (i-t) chronoamperometric response for the ORR on synthesized CoNHCS-900
and commercial Pt/C in O;-saturated 0.1 M KOH at 0.4 V (vs. RHE) at a rotating speed of 1600 rpm.
(b) Chronoamperometric curves withCoNHCS-900 and commercial Pt/C at 0.4 V (vs. RHE) in an
O,-saturated of 0.1 M KOH while added 3 M methanol at 200 s. (¢) LSV curves of CoNHCS-900 in
Oy-saturated 0.1 M KOH at a rotating speed of 1600 rpm with and without KSCN.
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In order to investigate the effect of Co, a KSCN poisoning experiment was performed. SCN™ ions
can combine with Co?* and thus the catalyst could lose the activity to some degree. But SCN ™~ ions
cannot affect Co particles. By comparing the LSV curves with and without KSCN in O;-saturated 0.1 M
KOH at a rotating speed of 1600 rpm, it can be observed that a lower Eonset and Eq /5 (AE; /5 =24 mV)
was observed in KSCN/KOH solution. However, the half-wave potential is still more positive than
that of NHCS-900, indicating that the Co nanoparticles also play an important role in improving
the activity. These results clearly demonstrate that the active sites of CoONHCS-900 could be attributed
to synergistic effects of the N doping, Co-N textures, and Co particles in the CoNCHS-900.

4. Conclusions

In summary, the carbon-based materials with embedded Co nanoparticles of about 0.4 at.%
were synthesized by synergistically combining Co nanoparticles with nitrogen-doped hollow
carbon spheres. CONHCS-900 demonstrates the best electrocatalytic activity towards the ORR among
all the as-prepared samples in the alkaline electrolyte. Compared to commercial Pt/C, the difference in
the half-wave potential is only 55 mV, while the stability after 20,000 s and the resistance to methanol
are much better than those of Pt/C. Based on the composition characterization and electrochemical
measurements, the activity sites of CONHCS-900 can be assigned to Co-Ny, Co nanoparticles, and N-C.
The syngeneic effects among them highly improved the electro catalytic activity of CoNHCS-900,
making it a promising candidate as an electrocatalyst for fuel cells.

Supplementary Materials: The following are available online at www.mdpi.com/2311-5629/4/1/11/s1, Figure
S1: TEM images of CoNHCS-900 catalyst; Figure S2: Particle size distribution of (a) CoNHCS-750, (b)
CoNHCS-1050, (c) CoHCS-900, (d) CoHCS-900, (e) NHCS-900 and (f) is the mean particle diameter of samples;
Figure S3: XPS spectra of Co 2P for CONHCSs at different temperatures; Figure S4: (a) Cyclic voltammograms

(CVs) recorded at room temperature in O;-saturated in 0.1 KOH solution with a sweep rate of 200 mV s L
(b) The potentials histogram of oxidation peak for catalysts; Figure S5: LSVs for the ORR using the (a) CoNHCS-750,
(b) CoNHCS-1050, (c) CoHCS-900, (d) NHCS-900 in O,-saturated 0.1 M KOH solution at different rotation rates
ranging from 400 to 2025 rpm; Table S1: The comparison for the electrochemical ORR performances of various
Co-containing nitrogen-doped carbon spheres.
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