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Introduction

Fuel cells and metal-air batteries represent two new-gene-
ration energy conversion technologies that feature many
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N,S—Codoped hierarchical porous carbon spheres
embedded with cobalt nanoparticles as efficient
bifunctional oxygen electrocatalysts for
rechargeable zinc-air batteriest
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Rational design and fabrication of cost-effective, efficient bifunctional electrocatalysts is fundamentally
important for the air cathode of metal-air batteries. Herein, a Co(i) ion-driven self-assembly strategy is
described for the synthesis of cobalt-based nanostructured transition metal compounds (Co-NTMCs)
embedded in nitrogen and sulfur codoped hierarchical porous carbon submicrospheres (Co-
NTMCs@NSC), where condensation of thiourea-ethylenediamine-formaldehyde resin (TEFR) is induced
by Co(n) ions which is simultaneously assembled with polydopamine to form a multifunctional precursor
through coordinated interaction. The resulting Co-NTMCs@NSC sample comprises abundant hierarchical
porous textures, a high content of active cobalt species including the nanoparticles of Co, CosO4 and
amorphous CoS,, and a considerable amount of defective structures. These characteristics lead to
remarkable oxygen electrocatalytic activities, with a half-wave potential of +0.833 V vs. RHE, which is
comparable to that of commercial Pt/C for the oxygen reduction reaction (ORR), and a lower overpoten-
tial of 284 mV than RuO, at 10 mA-cm™ for the oxygen evolution reaction (OER) in alkaline media.
Furthermore, its operational stability is also much higher than that of commercial RuO, and Pt/C catalysts.
When used as a breathing air electrode for Zn-air batteries, Co-NTMCs@NSC shows a higher open-
circuit voltage (1.509 V), higher discharge power density (262 mW cm™2) and better charge—discharge
reversibility than commercial Pt/C. The results from the present work suggest that controlled assembly of
functional polymers may be exploited for the preparation of doped carbon/metal nanoparticle nano-
composites as viable, high-performance catalysts for electrochemical energy technologies.

advantages, such as high energy-conversion efficiency and zero
or low emission of pollutants, and hence they are considered
as potential alternative technologies to solve the current
environmental issues and energy crisis."* However, these
devices usually suffer from serious limitations due to the kine-
tically sluggish oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER).”” Although the kinetic process can
be significantly promoted by noble-metal-based (e.g., Pt, Ru,
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Ir, and alloys) electrocatalysts, their high cost and poor dura-
bility and susceptibility to fuel crossover severely hinder their
widespread commercial applications.’®** Therefore, it is of
great significance to develop advanced electrocatalysts with
high efficiency, low cost and excellent durability.
Heteroatom-doped carbon materials have been considered
as viable alternatives, owing to the ease of realizing high
surface area, large pore volume, excellent electrical conduc-
tivity, low cost, and highly tunable composition."® To date,
doping carbon materials with single or multiple heteroatoms
(e.g., N, S, P and B) has been proven to be effective in altering
the electronic structure and successfully promoting the ORR/

This journal is © The Royal Society of Chemistry 2019
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OER electrocatalytic activity.'>'* A number of structural
defects are also concurrently generated during the doping
process, leading to further improvement of the electrocatalytic
activity.'> Additionally, nanostructured transition metal com-
pounds (NTMCs), for example, transition metal oxides or
sulfide nanoparticles, have also been reported to be active in
ORR or OER electrocatalysis. Of these, Co-containing nano-
materials are the most widely used transition-metal electroca-
talysts for the ORR and OER, such as metallic Co and multiple
Co-N,—C, species in Co, N codoped carbons for the ORR,'
Co;0, for the ORR and OER,'” and CoS, for the OER."® Hence,
one straightforward strategy to prepare efficient, durable
bifunctional electrocatalysts for the ORR and OER is to
combine active NTMCs with heteroatom doped porous carbon
matrices.

High-temperature pyrolysis is a general route to dope
heteroatoms into carbon matrices.'®?° Thiourea is usually
used as a source of S and N dopants.”’ Unfortunately, the
thus-obtained doped carbon typically exhibits a predominantly
microporous architecture, which severely limits the diffusion
coefficient of reactants and impedes the accessibility of
interior active sites. Very recently, Hyeon et al. have demon-
strated that mesopores contribute to electrolyte wetting of the
physical surface area and increase the portion of electrochemi-
cally available active sites, while macroporous structures
promote kinetic accessibility to the available active sites.>?
Thus, generating hierarchical porous architectures with abun-
dant meso and macro-pores as well as concurrent embedment
of active Co-NTMCs is of great significance in the design of
high-performance electrocatalysts.

Herein, we describe a novel Co(u) ion-driven self-assembly
strategy for the synthesis of nitrogen and sulfur co-doped hier-
archical porous carbon spheres that were embedded with
cobalt-containing NTMCs (Co-NTMCs@NSC). In this strategy,
the precursor was prepared by self-polymerization of dopa-
mine and its simultaneous assembly with thiourea-ethylene-
diamine-formaldehyde resin (TEFR) induced by the coordi-
nation of thiol groups with Co(u) ions (which acted as
mediators). After carbonization, the materials exhibited a hier-
archical structure with rich mesopores and macropores that
originated from the pyrolysis of the Co-TEFR precursor, a
unique feature that was anticipated to facilitate electrolyte
infiltration and promote kinetic accessibility of the active sites.
Significantly, the synthetic protocol does not require
additional hybrid dopants via multi-step reactions or need
extra pore-forming reagents, and can be easily applicable for
the synthesis of other NTMC-based hybrid structures. With a
hierarchical porous structure and abundant structural defects
and active Co-containing species, the as-synthesized Co-
NTMCs@NSC composites displayed a large specific surface
area and high catalytic activity towards the ORR/OER, with a
half-wave potential of +0.833 V for the ORR and a low over-
potential of 284 mV at 10 mA cm > for the OER in alkaline
medium. An assembled Zn-air battery (ZAB) with the Co-
NTMCs@NSC catalyst as the air cathode demonstrated a high
open-circuit voltage (1.509 V), high power density (262 mW cm™?),
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and excellent reversibility and charge-discharge cycling stabi-
lity, as compared with the ZAB based on a Pt/C air cathode.

Experimental section
Sample preparation

Experimentally, 0.5 g of thiourea and 0.2 g of dopamine were
dissolved in 40 mL of deionized water under magnetic stirring,
into which were then added 0.2 g of Co(NOs),-6H,O and
0.2 mL of ethylenediamine. Subsequently, 1.44 mL of formal-
dehyde solution (38 wt%) was slowly added into the above
solution which was stirred at room temperature for 36 h. The
obtained intermediate product (denoted as Co-TEFR@PDA)
was collected by centrifugation, rinsed extensively with de-
ionized water and ethanol, and dried in an oven at 60 °C for
6 h. The dried powder was then pyrolyzed at 800 °C for 2 h
(ramping rate 5 °C min~') under an Ar/H, atmosphere. The
resulting product was denoted as Co-NTMCs@NSC.

For comparison, two additional samples were fabricated in
the same fashion but without the addition of dopamine or
thiourea-formaldehyde, and the corresponding catalysts were
denoted as Co@NSC and Co@NC, respectively.

Characterization

Scanning electron microscopy (SEM) measurements were con-
ducted with a field-emission electron microscope (ZEISS,
Merlin). Transmission electron microscopy (TEM) measure-
ments were performed on a Tecnai G2-F20 microscope at an
applied voltage of 100 kV which was equipped with an energy-
dispersive X-ray spectroscopy (EDS) detector. For TEM
measurements, a dispersion containing the catalyst was drop-
cast directly onto a copper grid coated with an ultrathin amor-
phous carbon film. X-ray photoelectron spectroscopy (XPS)
measurements were performed on a Phi X-tool instrument.
Thermogravimetric Analysis (TGA) was performed with a
METTLER instrument in air at a heating rate of 5 °C min™".
Powder X-ray diffraction (XRD) patterns were recorded with a
Bruker D8-Advance diffractometer using Cu Ko radiation.
Raman spectra were recorded on a RENISHAW in Via instru-
ment with an Ar laser source of 488 nm wavelength in a macro-
scopic configuration. The Brunauer-Emmett-Teller (BET)
surface area was determined by using nitrogen isotherms at
—196 °C using a Micromeritics ASAP 2010 instrument and the
corresponding pore size distributions were calculated by using
the Barrett-Joyner-Halenda (BJH) method.

Electrochemistry

Electrochemical measurements were conducted on a CHI 750E
electrochemical workstation using a conventional three-elec-
trode cell. A rotating (gold) ring-(glassy carbon) disk electrode
(RRDE) was used as the working electrode. A Ag/AgCl electrode
(3 M KCl) and a platinum wire were used as the reference and
counter electrode, respectively. The Ag/AgCl electrode was cali-
brated against the reversible hydrogen electrode (RHE), and all
potentials in the present study were referred to this RHE. Prior
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to electrochemical experiment, 2.0 mg of the as-prepared cata-
lyst was dispersed in 980 pL of ethanol under ultrasonic agita-
tion for 20 min. Subsequently, 20 pL of Nafion (5 wt%) was
added into the dispersion under sonication to form a homo-
geneous ink. A calculated amount of the catalyst ink was then
drop-cast onto the surface of the glassy carbon disk electrode
(GCE) to form an evenly thin film at a catalyst loading of
0.408 mg cm > (0.204 mg cm > for commercial Pt/C). Linear
sweep voltammograms (LSVs) were recorded in an O,-saturated
electrolyte (0.1 M KOH) at various rotation speeds within the
range of 400 to 2025 rpm. The number of electron transfer (n)
for the ORR was calculated by eqn (1),

Ipisk (1)

n=_———/—"—"—" "
IRing/N + Ipisk

and the corresponding HO,~ yield was evaluated by eqn (2),

200/ging /N

HOy, % = ——F—>—
IRing/N + IDisk

(2)
where N is the RRDE collection efficiency (37%) and Ip;g and
Iring correspond to the voltammetric currents detected at the
disk and ring electrode, respectively.

OER measurements were also conducted with the same
electrochemical setup but in 1.0 M KOH electrolyte. The cata-

lyst loading on the electrode surface was also 0.408 mg cm ™.

Assembly of rechargeable Zn-Air batteries

Rechargeable Zn-air batteries were assembled by using a zinc
plate as the anode and nickel mesh as a current collector,
while the bifunctional electrocatalysts loaded on hydrophobic
carbon cloth were utilized as the air cathode and diffusion
layer. The air cathode was prepared by the following method:
3.0 mg of the catalyst was firstly dispersed into 1.0 mL ethanol
solution containing 100.0 pL of Nafion solution (5 wt%) and
subjected to ultrasonication treatment for 30 min.
Subsequently, the above mixture was drop-cast onto the hydro-
phobic side of the carbon cloth with an effective catalyst-modi-
fied geometric area of 1.0 cm” (the corresponding catalyst
loading was 2.0 mg cm™?). An electrolyte containing 6 M KOH
and 0.2 M Zn(Ac),-2H,O was filled between the cathode and
anode.

Results and discussion

The synthetic process of Co-NTMCs@NSC electrocatalysts is
schematically illustrated in Fig. 1, where Co(u) ion-driven self-
assembly of TEFR and PDA is utilized for the synthesis of a
precursor that concurrently contains N, S and Co heteroatoms.
Experimentally, a given amount of cobaltous nitrate was added
to a mixed solution of thiourea and formaldehyde (CH,O) in
the presence of ethylenediamine (EDA), leading to the copre-
cipitation of Co-TEFR. Meanwhile, the color of the precursor
(Co-TEFR@PDA) was between that of Co-TEFR and PDA
(Fig. S17). These observations indicate that TEFR and PDA are
successfully assembled in the presence of Co(u) ions.

21304 | Nanoscale, 2019, 11, 21302-21310
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Fig. 1 Schematic illustration of the synthesis of Co-NTMCs@NSC.

The assembly process is supported by the results from FTIR
measurements (Fig. S21), in which Co-TEFR@PDA exhibits
several characteristic vibration bands for the Co-TEFR func-
tional groups, such as the C-S stretching at 621 cm™' and C-H
vibrations at 1458 cm™ and 2910 cm™, as well as C=C
stretching at 1623 cm™" from PDA, indicating successful
assembly of Co-TEFR and PDA. This observation was also con-
firmed by XPS measurements. In the XPS survey spectra
(Fig. S3aft), the presence of Co, O, C, N, and S can be clearly
identified in Co-TEFR and Co-TEFR@PDA. Furthermore, in
the corresponding high-resolution C 1s spectra (Fig. S3b¥), the
carbons of C-H (283.8 e€V)** and C-S (about 285.0 eV) in Co-
TEFR and Co-TEFR@PDA can be readily resolved. The absence
of C-H (283.8 eV) species in PDA and Co-PDA samples con-
firmed the successful polymerization of dopamine into PDA.
In addition, the C-N peak (285.6 eV) of Co-TEFR@PDA showed
a shift of +0.2, +0.4, and —0.2 eV as compared with those of
Co-PDA, PDA and Co-TEFR, respectively. A similar shift of
binding energy is also observed for the C-S and C-OH species
(about 286.2 eV). These results indicate that self-assembly of
TEFR and PDA is induced by the strong chelating interactions
between the Co(u) ions (which acted as mediators) and the
functional groups with lone-pair electrons (such as HS-, -NH,,
and -OH) on TEFR and PDA to form the Co-TEFR@PDA
complex.

Subsequent pyrolysis at 800 °C under an Ar/H, atmosphere
converted the Co-TEFR@PDA precursor to the target product
Co-NTMCs@NSC. The as-synthesized Co-NTMCs@NSC was
firstly investigated by SEM measurements. As shown in Fig. 2a
and b, the Co-NTMCs@NSC sample consisted of a number of
rough, porous submicron spheres. Statistical analysis based on
more than 200 particles showed that the particle diameter of
carbon spheres was about 230 nm, as depicted in the inset of
Fig. 2a. In contrast, a compact surface with poor thermal stabi-
lity was observed for Co@NSC, while a smooth surface was
detected for Co@NC (Fig. S4f). Note that the rough surface
and porosity of Co-NTMCs@NSC are beneficial to the exposure
of active sites and the infiltration of the electrolyte as well as
the transport of intermediate products, which can positively
influence the electrocatalytic reaction (vide infra).”*>° In
addition, EDS measurements clearly show S element in Co-
NTMCs@NSC and Co@NSC (Fig. S51), signifying that the S
atoms were at least partly retained during the pyrolysis
process. From the TEM images depicted in Fig. 2¢ and d, dark-

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a and b) SEM images, (c and d) TEM images, and (e) HR-TEM
image of the Co-NTMCs@NSC sample; (f) EDS element mapping of the
selected-area image; and (g) schematic image for illustrating different
Co-containing species on NSC. The inset in panel (a) is the corres-
ponding diameter size distribution plot of Co-NTMCs@NSC particles.

contrast nanoparticles with an average diameter of tens of
nanometers can be observed to be uniformly distributed
within the carbon matrix. In the corresponding high-resolu-
tion TEM image of the marked region in Fig. 2e, lattice fringes
with d-spacings of 0.218 nm and 0.280 nm are clearly
observed, which accords well with the (111) planes of metallic
Co and (311) planes of CozO,4, respectively."®*” From the
elemental maps depicted in Fig. 2f, one can see that N, S and
C were uniformly distributed on the entire sample, whereas
Co, S and O are somewhat localized on similar spots,
suggesting the formation of Co, Co;O0, and CoS, species.
Furthermore, the interface between these species and the N,
S-doped carbon matrix could be observed in the enlarged
high-resolution TEM (HR-TEM) images, as depicted in Fig. S6
and S7.7 Correspondingly, the distribution of those Co-NTMCs
in the carbon matrix is schematically illustrated in Fig. 2g. In
addition, the content of metallic Co in the Co-NTMCs@NSC
composite was determined to be 19.5 wt% by TGA measure-
ment (Fig. S87).

Fig. 3a shows the XRD patterns of the different nano-
composites, where face-centered-cubic (fcc) metallic Co
(JCPDS No. 15-0806) was observed in all samples. Meanwhile,
crystalline Coz;O, and Co,S; were identified in Co-
NTMCs@NSC and Co@NSC, respectively. Note that no diffrac-
tion peak of CoS, is observed in Co-NTMCs@NSC, signifying
the amorphous nature of CoS, in the sample.?® Fig. 3b shows
the Raman spectra of the series of samples. For carbon
materials, the G band at around 1595 cm™" is associated with
the E,; mode, while the D band located at about 1324 cm™
corresponds to the structural defects or disordered carbon.>

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) XRD patterns, (b) Raman spectra, (c) N, adsorption/desorp-
tion isotherms, and (d) pore size distribution for various samples.

The ratio of the D and G band intensity was estimated to be
1.16 for Co-NTMCs@NSC, which is lower than that of
Co@NSC (1.23) but higher than that of Co@NC (0.96). This
implies that Co-TEFR facilitates the formation of defective
structures, which may lead to an improvement of the electro-
catalytic activity.’°> Furthermore, in the Raman spectra in
the low wavenumber region, Co-NTMCs@NSC exhibits several
characteristic Raman peaks for Coz;0, and CoS, (Fig. S97),
which suggests the coexistence of Co;O, and CoS, species,
coinciding with the XRD and TEM results.

The BET specific surface area of Co-NTMCs@NSC was
measured to be 455.7 m*> g~' (Fig. 3c), as listed in Table 1,
which is larger than those for Co@NC (283.0 m> g~') and
Co@NSC (81.9 m”> g™"). The Co-NTMCs@NSC sample showed
an obvious hysteresis loop in the N, adsorption/desorption iso-
therm, confirming the formation of mesopores. Note that the
appearance of rapid N, uptake at P/P, > 0.9 for Co-
NTMCs@NSC suggests the formation of secondary, much
larger pores, which is different from Co@NC that is entirely
caused by the stacking gap of carbon particles.**** This obser-
vation is consistent with the difference of the morphology and
surface texture observed in SEM studies (Fig. 1 and S37). In
addition, the corresponding pore size distribution confirmed
the formation of a hierarchical porous structure in Co-
NTMCs@NSC, including a broad distribution of mesopores
and macropores. This observation signifies the successful
assembly of Co-TEFR and PDA, which helps to form a hierarch-
ical porous structure after pyrolysis. Co@NSC and Co-
NTMCs@NSC showed a similar pore size distribution, while
Co@NC was predominantly composed of macropores, along
with a very small portion of mesopores (Fig. 3d). Note that the
presence of abundant mesopores and macropores in Co-
NTMCs@NSC is anticipated to remarkably facilitate electrolyte

Nanoscale, 2019, 11, 21302-21310 | 21305


https://doi.org/10.1039/c9nr07632h

Published on 09 October 2019. Downloaded by University of California- Santa Cruz on 12/18/2019 12:29:59 AM.

Paper

View Article Online

Nanoscale

Table 1 Summary of the specific surface area, predominant pore size and element content of different samples

N, ad-/de-sorption

Element content determined by XPS

N (at%)
Sample name Sger (m*g™") Dy (nm) C (at%) O (at%) S(at%) Co (at%) PyridinicN Pyrrolic N GraphiticN Oxidized N
Co@NC 281.0 >50 91.60 3.80 0.08 0.50 0.9 — 2.21 0.89
Co@NSC 81.9 3.3-11.5 57.40 18.66 15.01 2.12 1.25 4.75 0.81 —
Co-NTMCs@NSC  455.7 2.8-20; >50 86.93 6.19 1.57 0.77 0.71 — 3.83 —

“ D, denotes the predominant pore size determined by the BJH model.

diffusion and kinetic accessibility of the active sites, respect-
ively, as detailed below.

XPS measurements were conducted to analyze the elemen-
tal composition and bonding configuration in Co-
NTMCs@NSC. From the survey spectrum in Fig. 4a, the C, N,
O, S and Co elements can be readily identified, consistent with
the results of EDS measurements (Fig. S51). The high-resolu-
tion C 1s spectrum (Fig. 4b) can be deconvoluted into five
peaks corresponding to C=C-C (284.6 eV), C-S (285 eV), C-N
(285.6 eV), C-O (287.4 eV) and C=0 (290.0 eV), indicating the
incorporation of N and S heteroatoms in the hybrid.*>*® The
high-resolution N 1s spectrum in Fig. 4c can be fitted into two
peaks centered at 398.6 and 401.0 eV, corresponding to pyridi-
nic-N and graphitic-N, respectively. Recently, we have demon-
strated that graphitic N is most likely responsible for the ORR
catalytic activities of nitrogen-doped carbons in alkaline elec-
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Fig. 4 (a) XPS survey spectrum and the corresponding high-resolution
spectra of (b) C 1s, (c) N 1s, (d) O 1s, (e) S 2p and (f) Co 2p of the Co-
NTMCs@NSC sample.
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trolytes.>” Therefore, the presence of a high content of graphi-
tic-N in Co-NTMCs@NSC is shown in Table 1, which is ben-
eficial to improve its ORR electrocatalysis. Fig. 4d shows the
high-resolution O 1s spectrum, which can be deconvoluted
into Co-O (530.7 eV), C=0 (531.7 eV), C-O-C (532.6 eV) and
C-OH (533.5 eV), consistent with the formation of cobalt oxide
nanoparticles. Besides, the high-resolution S 2p spectrum can
be deconvoluted into four species at 162.3 (Co-S), 164.2 eV (C-
S), 165.5 eV (C=S) and 168.8 eV (S-O) (Fig. 4e), indicating suc-
cessful doping of S element into the carbon skeleton and the
concurrent formation of metal sulfide during pyrolysis. In
Fig. 4f, the high-resolution Co spectrum is fitted into four
peaks, corresponding to Co°’ Co-O, Co-S and the shake-up
(satellites) peaks. The peaks centered at about 781.1 and 796.7
eV most likely arose from Co-O. The observation of satellite
peaks at higher biding energies of 784.8 and 803.9 eV revealed
the presence of antibonding orbitals between Co and O atoms
and hence further confirmed the presence of cobalt oxide
species in the composite.® More importantly, this phenom-
enon also suggests that the electronic configuration of Co is
close to t,,’e,!, which is near the optimal e, filling, and effec-
tively promotes the breaking of the M-OH™ bond as well as the
0,>7/OH™ exchange reaction, hence favorable for high electro-
catalytic activity towards the ORR.>® The peaks at 778.2 eV and
793.2 eV are assigned to metallic Co." Furthermore, the peak
at 778.9 eV is attributed to the Co-S bond, consistent with the
results from high-resolution S 2p scan and elemental mapping
measurements (Fig. 2). Taken together, these results signify
the formation of Co°, Co;0, and CoS, nanoparticles in the Co-
NTMCs@NSC composite.

To investigate the electrocatalytic performance of Co-
NTMCs@NSC, cyclic voltammetry (CV) measurements were
first carried out in an O, or N,-saturated 0.1 M aqueous KOH
solution. As shown in Fig. 5a, a characteristic oxygen reduction
peak was observed at +0.844 V (vs. RHE) for Co-NTMCs@NSC
in O,-saturated 0.1 M aqueous KOH, in comparison with the
featureless profile observed under N, saturation, indicative of
considerable ORR activity of Co-NTMCs@NSC. Linear sweep vol-
tammogram (LSV) measurements were then performed on Co-
NTMCs@NSC, Co@NSC, and Co@NC samples using an RRDE
at 1600 rpm. As displayed in Fig. 5b, the Co-NTMCs@NSC cata-
lyst shows an onset potential of +0.945 V, which is much more
positive than those of Co@NSC (+0.842 V) and Co@NC
(+0.873 V) and is close to that of the commercial Pt/C catalyst

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) CVs of Co-NTMCs@NSC in an O, and N,-saturated 0.1 M
KOH aqueous solution. (b) LSVs of different samples determined at 1600
rpm with a sweep scan of 5 mV s™%, (c) The corresponding Tafel plots of
different catalysts. (d) The plots of the number of electron transfer and
the corresponding HO,™ yield of a GCE loaded with different catalysts
determined at an electrode rotation speed of 1600 rpm. (e) LSVs for Co-
NTMCs@NSC at a rotating speed varying between 400 and 2025 rpm
and (f) the correlated K-L plots.

(+0.956 V). In terms of half wave potential, the value of Co-
NTMCs@NSC (+0.833 V) is also very close to that of the com-
mercial Pt/C catalyst (+0.854 V). Meanwhile, the limiting
current density of Co-NTMCs@NSC reaches 5.11 mA cm™?,
which is much higher than that observed for commercial Pt/C.
Similarly, from the corresponding linear fittings of the Tafel
plots (Fig. 5¢), the slope was determined to be 74 mV dec™" for
Co-NTMCs@NSC, 180 mV dec™* for Co@NSC, 113 mV dec™*
for CO@NC, and 82 mV dec™" for Pt/C, which signifies that the
rate-determining step for the ORR on the Co-NTMCs@NSC
catalyst is similar to that on Pt/C, ie., the first-electron
reduction of oxygen. Fig. 5d displays the plots of electron-
transfer number n against sweeping potential, where Co-
NTMCs@NSC shows an electron-transfer number of almost 4
in a wide range of potential from +0.9 to +0.0 V. Specifically,
the n value of N,S-Co@NC is calculated to be 3.90 at +0.700 V,
comparable to that (3.91) of Pt/C, but significantly higher than
those for N,S-Co@C (2.60) and for Co@NC (3.12), signifying a
high selectivity towards the preferred 4e” pathway for ORR
electrocatalysis on Co-NTMCs@NSC. This conclusion is also
supported by a peroxide species yield of about 9.0% observed
for Co-NTMCs@NSC (Fig. 5d), lower than the 57.5% for
Co@NSC and 41.0% for Co@NC samples and even comparable
to the 6.0% value of the Pt/C catalyst. In addition, LSVs were

This journal is © The Royal Society of Chemistry 2019
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also recorded at a varied electrode rotation speed between 400
and 2025 rpm to examine the reaction selectivity of Co-
NTMCs@NSC (Fig. 5e). The limiting current density gradually
increases with increasing rotation speed. The corresponding
Koutecky-Levich (K-L) plots for all samples are shown in
Fig. 5f and Fig. S10,f where excellent linearity can be seen
within a potential range of +0.50 and +0.74 V, with a nearly
identical slope value, suggesting a first order reaction kinetics
with respect to the concentration of dissolved oxygen.

Operational stability is of paramount importance in cataly-
sis. Fig. S111 depicts the chronoamperometric profiles of com-
mercial Pt/C and Co-NTMCs@NSC at an applied potential of
+0.50 V, where one can find that after continuous operation for
40000 s, the voltammetric current of the benchmark Pt/
C-modified electrode decreased to about 71.6% of the initial
value, while 93.4% of the current was retained for the Co-
NTMCs@NSC-modified electrode. These observations clearly
demonstrate that Co-NTMCs@NSC has higher operational
stability than commercial Pt/C in ORR electrocatalysis.

The tolerance to fuel crossover is another important issue
for ORR catalysts in practical applications. Herein, we used
methanol, a common fuel in fuel cells, as an illustrating
example to conduct comparison studies. As shown in Fig. S12,F
the current density of the Pt/C electrode exhibits a significant
decrease upon the addition of 1 M methanol, whereas no
noticeable change was observed for the Co-NTMCs@NSC elec-
trode. This demonstrates that Co-NTMCs@NSC possesses excel-
lent tolerance to methanol crossover.

Interestingly, the above Co-NTMCs@NSC composites also
exhibit apparent activity towards the OER, and thus may be
used as a bifunctional electrocatalyst for the air cathode of
rechargeable metal-air batteries.”® As shown in Fig. 6a, a
sudden increase of voltammetric currents in the linear polariz-
ation curves was observed in the positive potential sweep from
+1.050 to +1.800 V for all carbon catalysts prepared above, sig-
nifying a considerable OER catalytic activity. Specifically, to
reach a current density of 10 mA cm™2, an electrode potential
(Eokr,10) of +1.514 V was required for Co-NTMCs@NSC, which
is much lower than the +1.655 V for Co@NC, +1.623 V for
Co@NSC, and +1.546 V for RuO,, indicating that Co-
NTMCs@NSC possesses the highest OER catalytic activity
among the series. In the corresponding Tafel plots (Fig. 6b), a
large slope of 161 mV dec™ was identified for the Co@NC
catalyst, which decreased markedly to 132 mV dec™ for
Co@NSC, and further to 101 mV dec™* for Co-NTMCs@NSC.
Note that the later was comparable to that of RuO, (92 mV
dec™), suggesting a good kinetics and bubble-releasing ability
of Co-NTMCs@NSC. In the electrochemical impedance spectra
depicted in Fig. 6¢, Co-NTMCs@NSC can be seen to display a
smaller semicircle than Co@NC, Co@NSC, and even RuO, at
+1.550 V, signifying that the activation energy of the OER on
Co-NTMCs@NSC was the lowest among the series of samples.

Chronoamperometric measurements were further con-
ducted to evaluate the OER stability of Co-NTMCs@NSC, as
compared with RuO,. From Fig. 6d, it is obviously found that
the current of the RuO,-modified electrode decayed to 31% of
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Fig. 6 (a) OER LSVs of the different samples at 1600 rpm with a sweep
scan of 10 mV s™* in 1.0 M KOH electrolyte. (b) The corresponding Tafel
plots derived from OER polarization curves. (c) EIS curves for Co@NC,
Co@NSC, Co-NTMCs@NSC, and RuO, at +1.550 V vs. RHE with an AC
amplitude of 5 mV from the frequency range of 10 kHz to 0.01 Hz. (d)
Long-term stability of Co-NTMCs@NSC and commercial RuO, catalysts
in OER electrocatalysis. The inset in panel (d) is the optical photo
showing bubble accumulation on carbon cloth loaded with the Co-
NTMCs@NSC catalyst during OER measurement. (e) Overall polarization
curves of Co-NTMCs@NSC and Pt/C + RuO, catalysts in 0.1 M KOH
electrolyte. The bifunctional ORR/OER activity is evaluated by the
potential difference (AE) between the half-wave potential for the ORR
and the metric potential at 10 mA cm™2 for the OER.

its initial value after continuous operation for 40 000 s, while
71% was retained for Co-NTMCs@NSC. The above results
suggest that Co-NTMCs@NSC might serve as a highly active
electrocatalyst for both the ORR and OER. In addition, the
bifunctional catalytic activities can be evaluated by the poten-
tial gap (AE = Ej ;o — Ey),) between the E;, for the ORR and the
potential to reach a current density of 10 mA em™? (E; ;o) for
the OER, where a smaller AE signifies a more reversible
oxygen electrode. As depicted in Fig. 6e, Co-NTMCs@NSC exhi-
bits the smallest AE value of 0.76 V, which is better than that
of most bifunctional catalysts and even approximately close to
that of commercial Pt/C and RuO, electrodes (Table S17).

To study the effects of Co-containing species in the Co-
NTMCs@NSC catalyst on ORR and OER electrocatalysis, the
Co, Co3;0, and CoS, nanoparticles were removed by acid
washing (0.5 M H,SO, at 80 °C). As shown in Fig. S13a,} after
acid washing, the half-wave potential is negatively shifted by
33 mV and the limiting current density significantly decreases
in the ORR polarization curves, confirming a clear deterio-
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ration of the ORR activity. Similarly, after acid treatment a
positive shift of 170 mV is also observed in the OER LSV curves
depicted in Fig. S13b.t This result clearly indicated that the
Co-containing nanoparticle species were responsible for the
remarkable ORR/OER activity of Co-NTMCs@NSC. Previous
studies have demonstrated that the ORR could be catalyzed by
Co, N codoped carbons, Co and Co;0, species,""*'™** while
Co;0, and CoS, nanoparticles contribute to the OER
activity.'”**™"” Yet, the ORR and OER can also be catalyzed by
defects and carbon atoms adjacent to heteroatoms, such as N
and S, in carbon skeletons.*®*° Based on the above analysis, it
is most likely the synergistic effect between the heteroatom co-
doped carbon framework, hierarchical porosity, defective struc-
tures and Co-containing species that contributed to the high
ORR/OER catalytic activities of Co-NTMCs@NSC.

The application of Co-NTMCs@NSC in rechargeable Zn-air
batteries was then tested. Zinc foil was used as the anode, cata-
lyst-modified carbon cloth was used as the air cathode, and an
aqueous solution containing 6.0 M KOH +0.2 M zinc acetate
was utilized as the working electrolyte, as depicted in Fig. 7a.
Fig. 7b reveals that a high open-circuit voltage of 1.509 V (inset
of panel b) is observed for the battery with a Co-NTMCs@NSC
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Fig. 7 (a) Schematic diagram of a rechargeable Zn-air battery. (b)
Specific capacities for Zn-air batteries normalized to the consumed
mass of Zn at a discharged current density of 10 mA cm™2. The inset in
panel (b) is a photograph showing the open circuit voltage of the Zn-air
battery. (c) The plots of discharged voltage and corresponding power-
density against current density for Zn-air batteries employing Co-
NTMCs@NSC or Pt/C modified air cathodes. (d) Zn—air batteries con-
tinuously running charge—discharge cycle at 10 mA cm™2. Both the dis-
charge and charge intervals were set for 5 minutes. LEDs (e) before and
(f) after being lit by two Co-NTMCs@NSC Zn-air batteries connected in
series.
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air cathode, and the corresponding specific capacity normal-
ized to the weight of the consumed zinc plate is determined to
be 800 mA h g7! at 10 mA cm™>, higher than that of Pt/C
(719 mA h g~' at 10 mA cm™?). Furthermore, from the dis-
charge profiles in Fig. 7c, it is clearly found that the Co-
NTMCs@NSC-based battery shows a higher discharge voltage
than that with Pt/C at different current densities (e.g., 1.12 V
vs. 1.03 V at 100 mA cm?). Moreover, the battery with a Co-
NTMCs@NSC air cathode exhibited a maximum power density
of 262 mW cm™?, also much higher than that of the battery
with Pt/C (241 mW cm™?). Fig. 7d depicts the voltage evolution
of the two batteries during charge-discharge cycling processes.
At the beginning, the charge-discharge voltage gap is about
0.805 V for the Co-NTMCs@NSC battery, much lower than that
(0.936 V) for the Pt/C one. After a continuous galvanostatic
charge-discharge measurement for 12 h, the charge-discharge
voltage gap was slightly increased to about 0.897 V for the
former, while a significantly larger value of 1.270 V was
observed for the latter, indicative of a superior operational
stability of Co-NTMCs@NSC serving as the breathing air-
cathode in rechargeable Zn-air batteries. As a demonstration
of real applications (Fig. 7e-f), a series of LEDs (the working
voltage for each LED is about 3.0 V) can be lit by only two Co-
NTMCs@NSC Zn-air batteries connected in series.

Conclusion

In summary, nitrogen and sulfur co-doped porous carbon
spheres embedded with Co-containing nanoparticles were suc-
cessfully synthesized by using Co-TEFR as a pore-forming
agent and a multi-heteroatom source to dope heteroatoms into
the carbon matrix and generate hierarchical porous textures.
The resulting Co-NTMCs@NSC catalyst comprised abundant
active sites (defective sites and carbon atoms adjacent to
heteroatoms) in the skeletons and possessed multiple Co-con-
taining catalytically active species, as well as their synergistic
interactions for boosting the ORR/OER activities. As for ORR
electrocatalysis, Co-NTMCs@NSC displayed a half-wave poten-
tial of +0.833 V, nearly four-electron reduction selectivity,
together with a high limiting current density, excellent metha-
nol tolerant ability and long-term durability in alkaline
medium, as compared with the commercial Pt/C catalyst. In
addition, it also exhibited an efficient OER catalytic activity,
featuring an overpotential of 284 mV at 10 mA cm™>, and high
working durability; both are better than those of the commer-
cial RuO, catalyst. When loaded on the air cathode of a
rechargeable Zn-air battery, the Co-NTMCs@NSC-based device
showed a higher open-circuit voltage of 1.509 V, higher power
density (262 mW cm™?) and much smaller charge-discharge
voltage gap during 12 h of charge-discharge cycling, as com-
pared with the reference device with a Pt/C-based air cathode.
This work may provide a novel avenue to the synthesis of tran-
sition-metal-containing, hierarchically porous, doped carbon
composites that can serve as high-performance electrocatalysts
for electrochemical energy technologies.
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