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Co,03/Co,Ng 67 Nnanoparticles encased in
honeycomb-like N, P, O-codoped carbon
framework derived from corncob as efficient ORR
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It is essential to develop cost-effective rechargeable metal—air batteries, with high activity, stability, and
efficiency, that use non-precious metals (NPMs)-based cathodic oxygen reduction reaction (ORR)
catalysts. Here, by using earth-abundant corncob (CC) as the carbon source, Co(OH),, NaH,PO,, and
melamine as the precursors, and KOH as the chemical activator, CoNP@bio-C-a is obtained and
comparative studies are carried out with three other types of CC-derived carbon-based catalytic
materials, namely, bio-C, CoP@bio-C, and CoNP@bio-C. Depending mainly on the formation of Co,03/
CoyNg g7 active sites (as p—n heterojunctions) and N, P, O-containing functional groups, the resultant

CoNP@bio-C-a catalyst exhibits best electrocatalytic activity among the four types of catalysts; via a 4-
Received 19th September 2021 lect th ith d stabilit d q th Ltol In additi it . h b
Accepted 13th December 2021 electron pathway, it has good stability and good methanol tolerance. In addition, its unique honeycomb-
like porous structure, high graphitization degree, and abundant oxygen-containing groups contribute to

DOI: 10.1039/d1ra07017g its excellent ORR activity. This study provides insights for exploring the application of heteroatom-doped

rsc.li/rsc-advances biomass-derived carbon catalysts.
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1. Introduction

In the field of fuel cells and rechargeable metal-air batteries, it
is essential to explore high-efficiency oxygen reduction reaction
(ORR) electrocatalysts; however, their applications are affected
by the rate-limiting processes in cathodic ORR.** Pt-based
catalysts are contemporary commonly used commercial cata-
lysts. However, they have disadvantages, such as inactivation
after poisoning, poor stability, high cost, and limited avail-
ability.® Hence, exploring efficient and stable non-precious
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bio-C-a-700, CoNP@bio-C-a-900, and CoNP@bio-C-a-N,; SEM images and N,
adsorption/desorption isotherms of CoNP@bio-C-a-700 and CoNP@bio-C-a-900;
PXRD patterns, SEM images, and high-resolution XPS curves of the Co 2p, O 1s,
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metal (NPM)-based ORR catalysts would be beneficial for
energy conversion systems.

Biomass has attracted considerable attention because it is
abundant and inexpensive. Biomass-derived carbon-based
materials also have good electrical conductivities and high
specific surface areas and porosities, along with three-
dimensional morphologies. However, biomass-based carbon
materials are not ideal ORR electrocatalysts. Heteroatom-doped
biomass-based porous carbon materials have drawn consider-
able attention owing to their promising ORR activities.* Intro-
ducing heteroatoms (such as N, P, S, B, and O) into the carbon
framework causes carbon defects by modification of the surface
electronic structures and/or changing the polarity of the carbon
framework for generating active sites.>” Studies have demon-
strated that the introduction of heteroatoms (such as P, S, B,
and O) into N-doped carbon materials can further improve the
ORR performance.®* Phosphorus and nitrogen have similar
electronic structures; phosphorus can change the charge
density of materials by its lone pair of electrons in the 3p orbital
and attract the lone pairs in O, in its empty 3d orbital.'* Hence,
phosphorus has better capacity to supply electrons. The oxygen
atom has high electronegativity, and so, O-doping can not only
adjust the electronic structure of carbon materials, but also
enhance their hydrophilicities, and thus, accelerate the ORR
activity.'* In recent years, ternary heteratomic doping has
attracted considerable attention because of its synergistic effect
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Fig.1 Schematic illustration of the synthesis of four types of carbon-
based catalytic materials (n is the electron transfer number).

on improving the ORR activity of carbon materials. However,
there are relatively few reports on oxygen ternary doping in
carbon materials.”

Herein, a new honeycomb-like porous carbon hybrid with
Co, N, P, O-codoping (denoted as CoNP@bio-C-a) is prepared
from waste biomass (corncob, CC) mixed with cobalt hydroxide,
sodium hypophosphite, and melamine (precursors) and KOH
(activating agent) through a simple one-step pyrolysis process.
The resultant CoNP@bio-C-a catalyst exhibits a 4-electron
process, contains active sites from Co0,05/Co,Ny6; hetero-
junctions and N, P, O-codoped carbon, and shows excellent
electroactivity, good stability, and methanol resistance in 0.1 M
KOH (Eopget = 0.92 V, Ey = 0.85 V, Ji = —5.5 mA cm ™ 2).

2. Experimental section

2.1. Samples preparation for doped and undoped bio-C
materials

Cleaned and dried CC was milled at 300 rpm. CC powder (5.7 g),
Co(OH), (0.05 g), and NaH,PO,-H,0 (0.25 g) were mixed in
deionized water and subjected to ultrasound. The product was
dried and then mixed with melamine (precursor) with a mass
ratio of 2 : 1 and grinded till it was mixed uniformly. Then, KOH
powder (0.2 g) was added to this mixture and grinded till it was
mixed uniformly. The obtained CoNP@bio-C-a was first
carbonized in an inert atmosphere of 10 °C min~* at 500 °C for
2 h and then activated using CO, gas at 800 °C for 3 h. The
obtained mixture was cooled, cleaned, and dried. For

Fig. 2
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comparison, the CC-based porous carbon material (bio-C),
Co(OH),-NaH,PO,-H,0 precursor-doped CC-based porous
carbon (CoP@bio-C), Co(OH),-NaH,PO,-H,0-KOH precursor-
doped CC-based porous carbon (CoP@bio-C-a), Co(OH),-
NaH,PO,-H,0-melamine precursor-doped CC-based porous
carbon (CoNP@bio-C), and melamine-KOH precursor-doped
CC-based porous carbon (N@bio-C-a) were prepared under
the same conditions used for the preparation of CONP@bio-C-a,
as shown in Fig. 1.

Characterization and electrochemical
methods are described in ESL

measurement

3. Results and discussion

3.1. Morphological and structural characterization

Morphologies of bio-C, CoP@bio-C, CoNP@bio-C, and
CoNP@bio-C-a were visualized using scanning electron
microscopy (SEM, Fig. 2). The SEM images revealed the
improvement of the pore structures from undoped bio-C,
CoP@bio-C, and CoNP@bio-C to CoNP@bio-C-a. With the
introduction of Co and P into the bio-C framework (Fig. 2a and
b), the pore size of the fibrous network structure in bio-C
decreased from approximately 40 um for bio-C to 10 um for
CoP@bio-C. After incorporating Co, N, and P into the bio-C
framework, an ordered honeycomb structure (diameter = 10-
20 um, wall thickness = 600 nm) was obtained (Fig. 2¢). Fig. 2d
shows no obvious morphological changes during the conver-
sion of CoNP@bio-C to CoNP@bio-C-a, but it shows that
uniform pores (size = ~2 pm) appeared on the relatively thick
walls of the honeycomb-like structure of CONP@bio-C-a.

The microstructure of CONP@bio-C-a was examined using
high-resolution transmission electron microscopy (HRTEM)
(Fig. 3). Some small inorganic spots (diameters = 5-11 nm) were
encased in the carbon layers (Fig. 3a), indicating the presence of
the active species of Co,0; and Co,Nj ¢ in the carbon materials
(Fig. 3b and c). The values of d-spacing were 0.39, 0.18, and
0.20 nm, assigned to the (002) plane of graphite carbon, (100)
plane of Co,03, and (101) plane of Co,N, ¢, in CONP@bio-C-a,
respectively.”® EDX spectra reveal (Fig. S1f) the atomic
percentage composition of Co : P as approximately 3 : 8 = 0.375
(0.24 : 0.83). The inductively coupled plasma optical emission
spectrometry (ICP-OES) results (Table S11) show that the atomic
composition of CoNP@bio-C-a in an aqua regia solution is
7 :18 = 0.389 (0.73 : 1.81), which matched well with the find-
ings of EDX analysis. This confirms that these two elements

P@bio-C mmmmm) CoNP@bio-C-a

AN

Representative SEM images of (a) bio-C, (b) CoP@bio-C, (c) CoNP@bio-C, and (d) CoNP@bio-C-a.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3
CozNg g7 and Co,03 from the HRTEM image of CoNP@bio-C-a.

were successfully incorporated into the material."*** The
elemental mapping images (Fig. S2t) further show that Co, C,
P, N, and O were evenly distributed in CoNP@bio-C-a.

The crystal structures of bio-C, CoP@bio-C, CoNP@bio-C,
and CoNP@bio-C-a, were evaluated using PXRD (Fig. 4a). The
prepared samples had a wide (002) diffraction peak at ~22° and
an observable (101) diffraction characteristic at ~44°, showing
that the graphite structure was disordered and mainly an sp>
hybrid structure was observed, which is in good agreement with
the HRTEM and Raman results.'® Closer inspection revealed
that the diffraction peak of the (002) plane from graphitic
carbon (GC) of bio-C, CoP@bio-C, and CoNP@bio-C shifted
only slightly at 26 values of 22.07° (0.402 nm), 22.09° (0.402 nm),
and 21.91° (0.405 nm), respectively. After KOH activation, the
GC (002) diffraction peak of CONP@bio-C-a moved to a higher
angle (26 = 22.88°, dyp, = 0.388 nm) with a smaller d-spacing
compared to that of CONP@bio-C, implying a stronger layer-to-
layer (i.e., —mt) interaction in the GC framework in CONP@Dbio-
C-a.”"* The weak diffraction peaks in the PXRD patterns indi-
cate that nanoparticles of Co,Nys; (JCPDS no. 06-0691) and
Co,0; (JCPDS no. 02-0770) are present in CoNP@bio-C-a.
Raman spectra of bio-C, CoP@bio-C, CoNP@bio-C, and
CoNP@bio-C-a (Fig. 4b) displayed two peaks at approximately
1330 cm™ " and 1590 cm ™, respectively. The GC phase exists in
biological-based carbon materials.*® The I/Ig values for bio-C
(1.26), CoP@bio-C (1.27), and CoNP@bio-C (1.26) were
similar; however, it decreased to 1.24 for CoNP@bio-C-a.
Consequently, both the lowest Ip/I; (1.24) and the smallest
layer-spacing (0.388 nm) for CoNP@bio-C-a among the four
types of samples, including doped and undoped bio-C mate-
rials, unraveled the relatively high graphitization degree of

(a) TEM image of CoNP@bio-C-a (inset: particle size distribution of CoNP@bio-C-a); lattice fringe images of (b) graphitic carbon and (c)

CoNP@bio-C-a, which should be expected to reduce the barrier
for charge transfer.”** In addition, several weak signal peaks
were detected in the low wavelength range of the Raman
spectra, indicating the presence of cobalt oxide in CONP@bio-C-
a (Fig. S3, ESIf).”® To further investigate the specific surface
areas of doped and undoped bio-C samples, nitrogen adsorp-
tion-desorption isotherms were measured (Fig. 4c and Table S2,
ESIf). The BET specific surface areas of the four types of
samples were compared and revealed a clear trend toward
higher specific surface areas, following the order CoP@bio-C
(291.82 m?> g ') < CoNP@bio-C (365.40 m”> g ') < bio-C
(455.74 m”> g7') < CoNP@bio-C-a (475.55 m*> g~ '). The large
accessible surface area of CONP@bio-C-a is beneficial for elec-
trolyte penetration and oxygen adsorption, which can positively
impact the electrocatalytic activity, as discussed below.** In
contrast, CoP@bio-C and CoNP@bio-C exhibited slightly low
BET surface areas, which may be caused by the excessive
corrosion and distortion due to Co, N, P-codoping into the bio-C
structure.”

X-ray photoelectron spectroscopy (XPS) measurements of
CoNP@Dbio-C-a were used to characterize the surface composi-
tions and chemical valence states (Fig. 5). The survey spectra
revealed distinct peaks of C, Co, N, O, and P, with elemental
contents of 71.28%, 9.02%, 1.09%, 17.58%, and 1.03%,
respectively (Fig. 5a), showing that Co, P, N, and O were
successfully doped in CoNP@bio-C-a. Particularly, the C 1s
spectrum can be divided into four peaks centered at 284.8 (C=
C), 285.6 (C=N/C-O/C-P), 286.5 €V (C=0/C-N), and 289.4 eV
(O-C=0) (Fig. 5b). The high content of sp>-carbon (C=C at
284.8 eV) further indicates the existence of GC, which enhances
the electron conductivity of carbon materials, improving ORR
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(a) PXRD patterns; (b) Raman spectra; (c) N, adsorption/desorption isotherms of bio-C, CoP@bio-C, CoNP@bio-C, and CoNP@bio-C-a.
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Fig. 5
CoNP@bio-C-a.

activities.”® The other three peaks of C 1s at 285.6, 286.5, and
289.4 eV are attributed to the defects and functional groups due
to nitrogen and phosphorus heteroatom doping in the carbon
matrix.””?® In the Co 2p spectra for CONP@bio-C-a (Fig. 5¢), the
peaks at approximately 782.1 and 786.8 eV belong to Co-N
species, while the peaks at 798.3 and 803.6 eV originate from
Co-O species. Both Co-N and Co-O species also can improve
the catalytic activity of ORR under alkaline conditions.?* More-
over, some groups indicate that the N-rich porous carbon shell
surrounding exposed Co;0, particles improves the conductivity
of the particles, which in turn increases the ORR activity.** The
fitted N 1s spectra for CONP@bio-C-a centered at 398.3, 399.0,
401.6, and 400.7 eV can be assigned to pyridinic, pyrrolic, and
graphitic nitrogen and Co-N, respectively (Fig. 5d).*** Studies
have demonstrated that the incorporation of nitrogen and
a metal as active centers in a carbon matrix can reduce the local
work function on the carbon surface.**** The deconvolution of
the O 1s region of CONP@bio-C-a (Fig. 5¢) comprises peaks at

210 | RSC Adv, 2022, 12, 207-215
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(a) XPS survey spectra of CoNP@bio-C-a. High-resolution XPS spectra of (b) C 1s, (c) Co 2p, (d) N 1s, (e) O 1s, and (f) P 2p core levels for

530.9 (01), 532.2 (02), and 533.5 eV (03). The sharp peak at
530.9 eV is caused by the lattice oxygen (O*>7) of C0,0;. The
peaks at 532.2 and 533.5 €V belong to the oxygen-containing
functional groups on the carbon surface.** To qualitatively
characterize the chemical functional groups, FTIR spectra of
CoNP@bio-C-a were collected (Fig. S4, ESIT). The peaks near
1697, 1460, and 1133 (wide peak) cm ™" are attributed to C=0
stretching vibration,** C=C and/or C=N bands,*” and the C-O
bond,*® respectively. Three absorption bands are observed at
896, 1050, and 1280 cm ™', which can be assigned to P-O-C or
P=0-C stretching. The high-resolution P 2p peak for
CoNP@bio-C-a was further verified using XPS analysis (Fig. 5f).
The P 2p peak centered at 133.6 eV belongs to P-C bonds,
indicating that P elements have been doped in the biomass-
based carbon material.***® These results show that Co, N, P,
and O were successfully incorporated in CONP@bio-C-a. Doping
of nitrogen and oxygen in carbon materials can improve the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electrical conductivity and surface wettability, which is helpful
for improving the electrochemical catalytic performance.**

3.2. Electrochemical properties

The ORR activity of the as-prepared carbon catalysts (bio-C,
CoP@bio-C, CoNP@Dbio-C, and CoNP@bio-C-a) was assessed
using cyclic voltammetry (CV) in a 0.1 M KOH solution (O,-
saturated: solid lines, N,-saturated: dotted lines; Fig. 6a and
Table S3, ESIT). Comparison of the CV profiles showed that
CoP@bio-C and CoNP@bio-C demonstrated slightly improved
ORR activity than bio-C. As expected, upon adding KOH acti-
vator in CoNP@bio-C, the resultant CONP@bio-C-a exhibited
enhanced catalytic ORR activity due to shifting of the peak
potential to a more positive value (E;,, = 0.85 V), further con-
firming the effectiveness of the chemical activations of carbon
materials in improving the catalytic activity of ORR.*

The ORR activities of the four types of carbon-based catalytic
materials were further investigated using LSV polarization
curves (Fig. 6b). For comparison, ORR activity of 20 wt% Pt/C for
industrial use was studied. The ORR activity of all the doped
biomass-based carbon materials was better than that of undo-
ped bio-C (Fig. 6b, S5-S7, and Table S3, ESIt), and the order of
ORR activities was bio-C (Egpset = 0.85 V, Ey;, = 0.69 V, Ji =
—2.78 mA cm™ ) < CoOP@bio-C (Eonset = 0.85 V, Eyjp = 0.79 V, Ji
= —3.47 mA cm ™ %) < CONP@bio-C (Eopget = 0.89 V, E;/, = 0.82V,
Ji = —3.84 mA cm %) < CONP@bio-C-a (Egnset = 0.92 V, Eyjp =
0.85V,Ji = —5.49 mA cm’Z), indicating that the treatment for
the bio-C materials proceeded stepwise. However, the BET
surface areas of CoP@bio-C and CoNP@bio-C were lower than
that of bio-C-800 (Table S2, ESIf). Furthermore, to assess the
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contribution of the Co compound and carbon doping carbon on
ORR, CoP@Dbio-C-a, N@bio-C-a, and NP@bio-C-a were prepared
from CC powder by adding only auxiliary precursors of
Co(OH),-NaH, PO, -H,0-KOH, melamine-KOH, and NaH,PO,-
-H,0-melamine-KOH, respectively. CV and LSV profiles were
employed to study the ORR catalytic activity of CoP@bio-C-
a (Eonset = 0.89 V, Ey/, = 0.83 V, JL = —3.77 mA cm™ %), N@bio-
C-a (Eonset = 0.90 V, Eyp = 0.71 V, Jp = —3.06 mA cm ™ ?), and
NP@bio-C-a (Eopset = 0.85 V, Eyjp = 0.71V, Ji, = —3.06 mA cm %)
in an O,-saturated 0.1 M KOH electrolyte (Fig. S8-S10 and Table
S3, ESIY), and they both displayed lower catalytic activity than
CoNP@bio-C-a. For comparison, the catalytic activities of
CoNP@bio-C-a generated via pyrolysis at 700 °C and 900 °C
were also examined using CV and LSV profiles with the RDE
configuration (Fig. S11, S12 and Table S3, ESI}). Pyrolysis
temperatures lower or higher than 800 °C resulted in poor
catalytic activity of ORR compared with CoNP@bio-C-a. This
phenomenon was further analyzed using BET and SEM char-
acterization. At 700 °C, it had a three-dimensional bowl-shaped
structure; however, it had a small specific surface area due to
the insufficient temperature of activated pore creation. At
900 °C, it had a large specific surface area; however, it did not
maintain a good honeycomb structure during the activation
process, resulting in fewer attachment points for the active sites
(Fig. S13, S14 and Table S2, ESIf). In addition, the ORR
measurements of CoNP@bio-C-a-N, in the N, process were
compared with the corresponding results (summarized in
Fig. S15 and Table S3, ESIT). Compared with the CO,-activated
CoNP@bio-C-a catalyst, the CONP@bio-C-a-N, catalyst showed
poor ORR catalytic properties (Eonset = 0.86 V, E1, = 0.65 V) in

b -
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(a) CVs of bio-C, CoP@bio-C, CoNP@bio-C, and CoNP@bio-C-a. (b) LSV curves of as-prepared catalysts and commercial 20 wt% Pt/C

catalyst at 1600 rpm. (c) LSV curves of CoNP@bio-C-a at various values of revolutions per minute (inset: K-L plots of CoNP@bio-C-a). (d) Nyquist
plots of bio-C, CoP@bio-C, CoNP@bio-C, and CoNP@bio-C-a catalysts-modified electrodes.
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an O,-saturated 0.1 M KOH solution. These results demon-
strated that the CO, activation process has a positive influence
on biomass-based carbon materials.** Consistent with the CV
study, CONP@bio-C-a displayed the best performance of ORR
activity among the heteroatom-doped bio-C and undoped bio-C
catalysts, that is, with Eosec = 0.92 V and E;, = 0.85 V (O,-
saturated 0.1 M KOH), which are comparable to the corre-
sponding values of the commercial Pt/C catalyst (Epsec = 0.96 V,
Eyp =086V, J, = —5.61 mA cm 2).

To further understand the electron transfer ability of
CoNP@bio-C-a, LSV tests were carried out at 400-2025 rpm; the
results are shown in Fig. 6c. Typically, current density is
enhanced upon increase in the rotation rate. The Koutecky-
Levich (K-L) plots of CoNP@bio-C-a catalyst showed good
linearity, which indicates a first-order reaction kinetics process
under different potentials. The electron transfer number () for
CoNP@bio-C-a at a potential range of 0.40-0.50 V was calcu-
lated to be approximately 4 (inset of Fig. 6¢), with an average
value of 3.94, indicating that the oxygen reduction process fol-
lowed the 4-electron reduction process, which was similar to
that of the Pt/C catalyst. Furthermore, electrochemical imped-
ance spectroscopy (EIS) images of the four types of carbon-
based catalytic materials were assessed. As shown in Fig. 6d,
the smallest charge transfer resistance (R,) of CoNP@bio-C-
a obtained from the Nyquist plots indicates the beneficial role
of the honeycomb-like structure and the Co,03/Co,N, ¢, nano-
particles encased in the N, P, O-codoped carbon framework. We
also performed Mott-Schottky (M-S) analysis at an AC
frequency of 10 Hz to investigate the conductivity of CONP@Dbio-
C-a (Fig. S16, ESIt). A typical inverted “V-shape” plot was ob-
tained in the M-S plot of CoNP@bio-C-a, confirming the
formation of p-n junctions.** To evaluate the impact of p-n
junctions on ORR performance, the generated Co,0; nano-
particles of the CoNP@bio-C-a were leached using an HCI
solution. A positive slope (n-type) in the M-S plots appeared
instead of the typical inverted “V-shape” plot of CoNP@bio-C-
a (Fig. S17, ESIt). The LSV tests revealed that the ORR activity
of the acid-treated samples decreased considerably (Eonset =
0.90V, E;, = 0.82V, J;, = —3.88 mA cm ™ 2) (Fig. 518, ESIt), which
confirms the crucial role of the p-n junctions in ORR. Thus, the
existence of p-n heterojunctions in CoNP@bio-C-a created
sufficient space charge layers to improve the current generation,
which facilitated interfacial electron transfer in the ORR.***¢
This, combined with the change of the surface electronic
structure of the carbon matrix because of the formation of C-P,
C-N, and C-O active sites, led to the high ORR performance of
CoNP@bio-C-a. Meanwhile, Co,03/Co,N, ¢, nanoparticles, as
active sites encased within a honeycomb-like N, P, O-codoped
carbon framework, further enhanced the ORR activity.

Long-term durability of ORR catalysts is generally examined
using chronoamperometric responses. The stability of
CoNP@bio-C-a and Pt/C at 1600 rpm under a high constant
voltage of 0.8 V was measured (Fig. S19a, ESIt). For CONP@bio-
C-a, 73% of the initial current density was retained after
continuous operation for 10 000 s, while for the Pt/C catalyst,
rapid activity loss occurred, and it could retain only approxi-
mately 60% of the initial current density. Therefore, abundant
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nitrogen species may provide stable anchoring sites for Co-
based active components and improve the stability of cata-
lysts.*”~**  Furthermore, methanol crossover experiments
revealed that when methanol was added to the solution, there
was no significant influence on the current density of
CoNP@bio-C-a. In contrast, the current of the Pt/C catalyst
decreased significantly under methanol oxidation (Fig. S19b,
ESIY). The internal composition and morphology of CoONP@bio-
C-a were studied and analyzed after long-term stability tests.
XRD patterns of CONP@bio-C-a after durability tests showed no
changes in its chemical composition, indicating that the cata-
lyst composition was stable (Fig. S20, ESIT). In the XPS spectrum
of Co 2p, the Co-O peak moved to a higher energy region, while
the Co-N peak moved to a lower energy region. The initial sharp
peaks of CoNP@bio-C-a for O 1s and P 2p at 532.4 eV and
133.6 eV moved toward higher energy regions, 532.5 eV and
134.2 eV, after the ORR durability test, and new peaks appeared
at approximately 536.3 €V and 140.9 eV, likely attributed to the
chemisorbed oxygen (Fig. S21, ESI{).** Samples of CONP@bio-C-
a were collected after the stability tests, and their SEM profiles
showed that the honeycomb-like morphology of the catalyst was
retained (Fig. S22, ESIT). These results indicate that CONP@bio-
C-a has good structural stability.

Surface wettability of electrocatalysts is an important
factor.>*">* Hence, we carried out surface wettability tests of the
four materials. The contact angle decreased in the order bio-C
(~72°) > CoP@bio-C (~73°) > CoNP@bio-C (~51°) >
CoNP@bio-C-a (~46°), indicating that the treatment of the bio-
C materials was followed by further functionalization in the
above order (Fig. S23, ESIt). This contributed to the best ORR
catalytic activity of CONP@bio-C-a. The heteroatoms of Co, N, O,
and P were also beneficial in enhancing the contact between the
electrolyte and the electrode surface compared to that in the
pure bio-C (~72°) and N-doped N@bio-C-a (~69°) electrodes,
respectively (Fig. S23e, ESIT). The resulting enhanced affinity to
H,0 is favorable for enhancing the catalytic activity of
CoNP@bio-C-a toward ORR.

4. Conclusions

We explored a high-performance ORR catalyst, CONP@bio-C-a,
which was obtained using earth-abundant CC as the carbon
source, sodium hypophosphite, melamine, and cobalt
hydroxide as the precursors, and KOH as the chemical activator.
This catalyst exhibited excellent electroactivity in 0.1 M KOH
(Eonset = 0.92 V, Eyp = 0.85 V, J = —5.5 mA cm™2), which was
superior to that of the commercial Pt/C catalyst. The high
activities are attributed to the unique nanostructures of Co,03/
Co,Ny 6, (as p—n junctions), heteratomic doping (Co, N, P, and
0), and large specific surface areas. This study showed that
high-performance electrocatalysts can be prepared from
biomass derivatives through rational design.
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