Published on 21 March 2020. Downloaded by WUHAN UNIVERSITY OF TECHNOLOGY on 4/7/2020 9:35:58 AM.

ChemComm

W) Check for updates ‘

Cite this: DOI: 10.1039/c9cc10036a

Received 28th December 2019,
Accepted 7th February 2020

Yao Yao, Jinsong Wu,
DOI: 10.1039/c9cc10036a

rsc.li/chemcomm

Cobalt decorated nitrogen-doped carbon bowls (Co@NCB) have been
successfully constructed by impregnating bowl-like resin particles with
cobalt salt followed by annealing. The cobalt exists in the following
two forms in the obtained Co@NCB: Co nanoparticles and CoN,4. The
Co@NCB outperforms the commercial Pt/C in the oxygen reduction
reaction in terms of half-wave potential and stability. When Co@NCB is
applied in zinc—air batteries, a high open-circuit voltage, excellent
power density, and satisfactory stability are achieved.

Developing renewable and clean energy technologies is quite
necessary on account of the rising energy demand, climate
change, and pollution resulting from burning fossil energy.'™
Metal-air batteries are expected to be potential substitutes for
conventional internal combustion engines to power cars.®’
However, the electrochemical oxygen reduction reaction (ORR) is
rather slow, restricting the energy conversion efficiency.®® Although
noble-metal catalysts have been widely applied owing to their high
catalytic performance, they are hindered by high cost and low
stability.">"*> Hence, it is imperative to develop low-cost, durable,
and highly efficient nonprecious metal ORR catalysts.

Recently, great advances have been made in enhancing the
activity of nonprecious catalysts to a level comparable to that of
noble-metal materials."*™” The key characteristic of this kind
of catalyst is the presence of transition metal-nitrogen species
(M-N,) anchored on carbon materials."®*>* Zelenay et al. used
polyaniline as a carbon/nitrogen precursor to incorporate Fe/Co
and obtained PANI-Fe/Co/FeCo-C catalysts with relatively ideal
ORR performance.*® Qiao et al. developed a Fe-N-C catalyst
consisting of ordered macroporous carbon interlinked with
carbon nanotubes.?® Yang et al. reported a Co-N-C catalyst with
desirable ORR activity.”® Although progress has been made
extensively, it is still an extremely important research area to
design highly active ORR catalysts, which can surpass the
performance of noble-metal materials.
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Cobalt decorated nitrogen-doped carbon bowls
as efficient electrocatalysts for the oxygen
reduction reactiont

Haobin Zhong, Changwei Shi, Jiantao Li, Ruohan Yu, Qiang Yu, Haoyun Liu,
Liang Zhou

* and Ligiang Mai 2 *

Besides chemical composition, the structure of ORR catalysts
also plays a key role in the electrocatalytic performance. A stable
porous carbon supporting structure can not only increase the
specific surface area but also improve the electric conductivity.
Mai et al reported atomic Co dispersed on nitrogen-doped
graphene, exhibiting excellent ORR performance.”” Cho et al.
employed commercially available melamine foam as a unique
architecture for the ORR.>® Feng et al. designed a Fe/N doped
hollow carbon catalyst, which demonstrated efficient ORR per-
formance under acidic/alkaline conditions.*

Carbon spheres have been extensively studied as supporting
materials for electrocatalysis, owing to their easy preparation
and large surface area.’***> However, the contact area between
different carbon spheres is relatively small, which is disadvan-
tageous for electron transport. This would limit the overall
performance of carbon spheres for the ORR. A hollow bowl-like
structure is an ideal morphology to address the aforementioned
issue. Compared with carbon spheres, hollow carbon bowls
stacked with each other are beneficial to conductivity.** When
compared to conventional hollow spheres, the hollow bowl-like
structure reduces the void space and more bowls can be packed
tightly in a certain volume, enabling more active sites presented
in the same volume.**

Herein, we present a facile route to construct cobalt decorated
nitrogen-doped carbon bowls (Co@NCB) as high-efficiency ORR
catalysts. The primary synthetic strategy is illustrated in Fig. 1. First,
monodisperse SiO,@resorcinol-formaldehyde (SiO,@RF, Fig. S1,
ESIt) microspheres were prepared via a well-known sol-gel
process.*>>’ RF hollow bowls (RFB, Fig. S2, ESI{) were obtained
by etching the SiO,@RF with HF. Then, the RF hollow bowls
were mixed with cobalt acetate to obtain Co**@RF bowls
through an impregnation method. Finally, with subsequent
pyrolysis at 800 °C under NH; flow, the Co@NCB was achieved.
For comparison, carbon bowls (CB, Fig. S3, ESI}), nitrogen-
doped carbon bowls (NCB, Fig. S4, ESIt), CoO@NCB with acid
treatment (Co@NCB-AT, Fig. S5, ESIt) and cobalt decorated
carbon bowls (Co@CB, Fig. S6a and b, ESIt) were prepared as
control samples.
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Fig. 1 Schematic illustration for the synthesis of Co@NCB.

The microstructure of CO@NCB is characterized by scanning
electron microscopy (SEM) and transmission electron micro-
scopy (TEM). The Co@NCB presents a well-defined bowl-like
morphology. The diameter and the central cavity size of
Co@NCB are ~300 and 150 nm, respectively (Fig. 2a). Compared
to the smooth surface of RFB (Fig. S2, ESIT), CB (Fig. S3, ESIT), and
NCB (Fig. S4, ESIf), the Co@NCB displays a much rougher
surface with unevenly distributed irregular cracks. These irregular
cracks may cause a larger specific surface area and are beneficial to
the exposure of active sites. Similar cracks can be observed on the
surface of Co@CB, suggesting that the existence of Co species
induces the formation of such cracks during the high-temperature
annealing. The TEM image (Fig. 2b) shows the existence of Co
nanoparticles (Co NPs indicated by red circles) with a diameter of
~30-50 nm in Co@NCB. A high-resolution TEM image demon-
strates that Co NPs are highly crystalline with clear lattice fringes
and the Co NPs are well-encapsulated in highly graphitic carbon
layers with an interplanar distance of 0.34 nm (Fig. 2c). Energy
dispersive X-ray (EDX) mapping analysis demonstrates that the Co
not only concentrates on black NPs but also evenly distributes in

Fig. 2 (a) SEM image of Co@NCB, (b) TEM image of Co@NCB, (c) high-
resolution TEM image of Co@NCB, and (d) EDX mappings of Co@NCB.
(e) Aberration-corrected STEM image of Co@NCB-AT.
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other regions of the hollow bowls (Fig. 2d). At regions beyond the
Co NPs, the Co exists most likely in the form of CoN,. To prove this
speculation, aberration-corrected scanning transmission electron
microscopy (STEM) is applied to Co@NCB-AT, and single Co
atoms (indicated by red circles in Fig. 2e) can be clearly observed.
The aberration-corrected STEM is not applied to Co@NCB due to
the magnetic feature of Co NPs. As for Co@CB (Fig. S6, ESIT), Co
NPs can also be clearly observed. However, at regions beyond Co
NPs, the signal for Co is much weaker than that of Co@NCB,
demonstrating that the annealing in NH; induces the formation of
atomically dispersed CoN, (Fig. S6d-f, ESIT).

The X-ray diffraction (XRD; Fig. S7a, ESIf) patterns of
Co@NCB and Co@CB show the (002) diffraction peak for the
graphitic carbon at 26.3° and the (111), (200), and (220)
diffractions for the face-centered cubic Co (PDF # 015-0806)
at 44.2°, 51.5° and 75.9°, respectively. However, the Co@NCB
displays a graphitic carbon diffraction peak much stronger
than that of Co@CB. Both Co@NCB and Co@CB show typical
D and G bands in the Raman spectra (Fig. S7b, ESIt). The I/l
ratio of Co@NCB is 0.99, which is much lower than that of
Co@CB (1.57). Both the XRD and Raman results demonstrate
that the graphitization degree of Co@NCB is much higher than
that of Co@CB, implying that the introduction of N-doping in
carbon may lower the graphitization temperature.

X-ray photoelectron spectroscopy (XPS) reveals the elemental
compositions of the catalysts. The XPS survey spectrum (Fig. 3a)
suggests that the Co@NCB consists of C, N, O, and Co. Four
types of nitrogen species can be identified from the N 1s spectrum
(Fig. 3b) as follows: pyridinic-N (~398.2 eV), CoN, (~399.1 eV),
graphitic-N (~400.7 eV), and oxidized-N (~402.5 eV).*®?° The Co
2p3j» spectrum (Fig. 3c) presents four components, which can be
ascribed to the CoN, moieties (781.7 V), Co,O, (~780.3 eV), and
satellites (783.8 and 786.3 eV).* As for Co@CB, no N signal can be
detected from the XPS survey spectrum (Fig. S8a, ESIt). In
addition, the component for CoN, is absent in the Co 2pjs),
spectrum (Fig. S8b, ESIf). It should be noted that neither
Co@NCB nor Co@CB displays the component for metallic Co,
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Fig. 3 (a) XPS survey spectrum, (b) high-resolution N 1s XPS spectrum,
(c) high-resolution Co 2p XPS spectrum, and (d) nitrogen adsorption—
desorption isotherm and the corresponding BJH pore size distribution of
Co@NCB.
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which may be caused by the encapsulation of metallic Co in the
carbon shells and surface oxidation of Co NPs.

To further explore the surface area and porosity, the N,
adsorption/desorption isotherms are shown in Fig. 3d. Both
mesopores and micropores co-exist in CO@NCB, giving rise to a
surface area of 654 m”> g '. Such a high surface area is
advantageous to the exposure of active centers for the ORR.
In general, the mesopores are in favour of the mass transfer
and the micropores would offer more active sites."® The Co@CB
(576 m> g ') and Co@NCB-AT (610 m” g~ ') show a surface area
slightly lower than that of Co@NCB (Fig. S9, ESIT). The Co
contents are determined by thermogravimetric analysis (Fig. S10,
ESIt). The Co@NCB, Co@CB, and CoO@NCB-AT have Co contents
(including both metallic and single-atom Co) of 12.4, 7.8, and
5.2 wt%, respectively.

The ORR performances of Co@NCB, CB, NCB, CoO@NCB-AT,
Co®@CB, and commercial Pt/C (20 wt%) are evaluated by cyclic
voltammetry (CV, Fig. 4a) first. The Co@NCB shows an obvious
oxygen reduction peak at 0.84 V. This peak is more positive
than those of CB (0.67 V), Co@CB (0.76 V), NCB (0.77 V), and
Co@NCB-AT (0.81 V), and it is also closest to the peak of Pt/C
(0.87 V). Besides, the Co@NCB displays a half-wave potential
of 0.851 V, which is higher than those of Pt/C (0.845 V), CB
(0.679 V), Co@CB (0.735 V), NCB (0.731 V), and Co@NCB-AT
(0.793 V) (Fig. 4b). To reveal the origin of the ORR activity, SCN™
is employed to block the CoN, active sites of Co@NCB. The
ORR activity decreases significantly with the introduction of
SCN, demonstrating the active role of CoN, in catalyzing the
ORR (Fig. S11, ESI).” In contrast, the metallic Co NPs also play
a significant role in the ORR. By etching the Co NPs away
from Co@NCB using H,SO,, the obtained Co@NCB-AT displays
an ORR performance much inferior to that of Co@NCB.
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Fig. 4 ORR performances of Co@NCB, CB, NCB, Co@NCB-AT, Co@CB,
and Pt/C (20 wt%) in 0.1 M KOH solution saturated with O, at room
temperature. (a) CV curves at a scan rate of 5 mV s~ (b) Linear sweep
voltammetry (LSV) curves at 5 mV s~ and 1600 rpm. (c) Chronoamperometric
responses of Co@NCB and Pt/C at a potential of 0.55 V in O,-saturated 0.1 M
KOH solution (150 mL) at a rotation speed of 1600 rpm with the addition of
methanol (9 mL) at 100 s. (d) Current—time chronoamperometric
responses of Co@NCB and Pt/C in O,-saturated 0.1 M KOH at 0.55 V
and 1600 rpm.
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The aforementioned results indicate that the co-existence of
CoN, and Co NPs is vital for achieving high ORR activity. It is
postulated that the Co NPs may boost the ORR activity of CoN,
by changing its electronic structure.

The methanol tolerances of Co@NCB and Pt/C are compared in
Fig. 4c. When 9 mL methanol is introduced, there is an instant
decline in current for Pt/C. In contrast, the current of Co@NCB
remains almost unchanged after shaking a bit, demonstrating its
excellent methanol tolerance. The stabilities of Co@NCB and Pt/C
are also examined via chronoamperometric responses (Fig. 4d).
After a stability test of 10 h, 95.5% of the original current density is
remained for CO@NCB, which is better than that of Pt/C (84.1%).

The ORR performances under acidic conditions are also
tested. The half-wave potential of Co@NCB is not comparable
to that of Pt/C in HClO, solution (Fig. S12a, ESIT). However, the
stability of CoO@NCB is better than that of Pt/C (Fig. S12b, ESIt).

Rotating disk electrode (RDE) measurements are used to study
the reaction mechanism and the electron transfer pathway
(Fig. S12c, ESIt). The Koutecky-Levich (K-L) plots show a good
linearity and parallelism in the potential range of 0.3-0.7 V
(Fig. S12d, ESI¥). The electron-transfer number (72) of CO@NCB
is determined to be ~3.9, suggesting the 4-electron (4e) ORR
process and O, is basically reduced to OH . The rotating ring
disk electrode (RRDE) test shows an n value close to 4 (Fig. 513,
ESIT). Meanwhile, the H,0, yield is relatively low (&~ 5%). The
Co@NCB is benchmarked with Pt/C toward the ORR. All above
results show that the Co@NCB displays better electrocatalytic
performance than the Pt/C and other control samples in general.
Moreover, the performance is superior to those of many previously
reported Co-based catalysts (Table S1, ESIT).

To further explore the application of Co@NCB, the electro-
chemical performance in primary zinc-air batteries is tested.
The open circuit voltage of the battery based on Co@NCB
exceeds 1.4 V, which is similar to that of the battery based on
Pt/C (Fig. 5a). The voltage of the Co@NCB-based battery surpasses
that of the Pt/C-based battery in the high current density
zone (>75 mA cm™?). In addition, the power density reaches
275 mW c¢m >, which is higher than that of the Pt/C-based
battery (262 mW cm ™). Galvanostatic discharge tests at differ-
ent current densities are performed to explore the stability of
the material. After the 10 h test at 10 mA cm ™2, there is almost
no voltage decay for both Co@NCB- and Pt/C-based batteries
(Fig. 5b). However, after the 10 h test at 200 mA cm ™2, there is a
significant voltage drop for the Pt/C-based battery, while the

a s .30
—Co@NCB 14
1.40{ —PUC (20 wt%) i 0.256_ 10 mA em®
=
13
=135 2 0.20 =
s g s L —m |
-~
S 1301 N} 015 2 1.2
£ \, 2 =
= 7 =
S 125 i 0.10 3 S 2
> T S Co@NCB 200 mA cm
1.20 0.05 g —— PC (20 wt%)
o 1.0
o
1. .00
0.00 0.05 0.10 0.15 0.20 2 10

a [
Current density (A cm™) Time (h)

Fig. 5 Electrochemical performances of Co@NCB and Pt/C (20 wt%) in
primary zinc—air batteries. (a) Discharge polarization curves and corres-
ponding power density of Co@NCB and Pt/C. (b) Galvanostatic discharge
curves of Co@NCB and Pt/C tested at 10 and 200 mA cm 2,
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Co@NCB-based battery demonstrates a very stable discharge
voltage.

In conclusion, Co-decorated N-doped carbon bowls (Co@NCB)
are synthesized via a facile method. The obtained Co@NCB
manifests a desirable ORR activity and durability, surpassing
the Pt/C. The Co@NCB also demonstrates remarkable performance
in primary zinc-air batteries. The co-existence of CoN, and Co NPs
in Co@NCSB is vital to the improved ORR performance.
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