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Abstract:
volved in sustainable energy devices remains a great challenge. Transition-metal phosphides supported on heteroatom-doped carbons

Exploring cost-efficient and highly-efficient noble metal-free catalysts for the oxygen reduction reactions (ORRs) in-

have shown potential as alternative candidates for precious metals because of their tunable electronic structures and higher catalytic
performance. Phosphating was used to construct CoP nanoparticles (NPs) anchored on a nitrogen-doped porous carbon framework
(CoP@NC) from Co NPs loaded on NC, using PH, gas released from NaH,PO, during heat treatment. The dodecahedral structure of
Co NPs was retained in their transformation to CoP NPs. The CoP@NC electrocatalyst shows a remarkable ORR activity with a half-
wave potential up to 0.92 V under alkaline conditions, which is attributed to the combined coupling between the well dispersed CoP
nanoparticles on the nitrogen-doped carbon and the efficient mass transport in the porous structure. Zinc-air batteries assembled with
the CoOP@NC electrocatalyst as a cathode have a high open-circuit voltage of 1.51 V and power density of 210.1 mW cm . This
work provides a novel strategy to develop low-cost catalysts with an excellent ORR performance to promote their practical use in

metal-air batteries.
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1 Introduction

The oxygen reduction reaction (ORR) is a key
cathodic reaction in next-generation renewable en-
ergy conversion devices such as metal-air batteries! *.
However, the main challenge ORR face is lacking ex-
cellent catalysts, mainly due to the high energy barri-
ers and sluggish kinetics caused by the four-
electron/proton transfer pathway and intermediates
adsorption/desorption in ORR”™®. Current commer-
cially available platinum (Pt)-based catalysts hinder
the large-scale and sustainable application of these
devices by their low natural abundance, high-cost, and
poor durability™™”'", Therefore, the researchers fo-
cused their efforts on cost-effective precious-metal-
free ORR catalysts to promote the commercial applic-

ation of clean-energy devices "',
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Among various alternatives of Pt-based elec-
trocatalysts, transition-metal phosphide (TMP) cata-
lysts have attracted extensive interests due to their
good conductivity, excellent stability, adjustable elec-
tronic structures and abundant bonding types'> . Re-
cent studies have shown that the synergy between the
various active components can improve the catalytic
activity of TMP catalysts!"* %, For example, a com-
posite of Co,P nanoparticle decorated N, P co-doped
defective carbon materials (Co,P@CoNPG) exhibits
excellent catalytic activity attributed to the synergist-
ic effects of Co,P and Co-N, active sites”” >\, In addi-
tion, the powerful synergistic coupling between phos-
phides and defect-abundant carbon matrix can also en-
hance the catalytic activity of TMP catalysts””. CoP
particles loaded on N, P-doped necklace-like carbon
show excellent ORR activity due to the synergistic ef-
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fects between CoP nanoparticles and carbon matrix"™".

Moreover, encapsulation of TMPs into carbon materi-
als has been proved to further boost electrocatalytic
activity and prevent the chemical corrosion* ! Li et
al. prepared a multifunctional Co-NC@CoP-NC cata-
lyst, and its better ORR performance and stability are
due to the high efficient of CoP and the complete pro-
tection of cobalt by the nitrogen-doped carbon layer """,
Nevertheless, it has been reported that different crys-
talline phases (CoP and Co,P) of cobalt phosphide ex-
ist in TMP catalysts, which show different catalytic
preferences for different catalytic reactions. Scott M.
Geyer et al. compared the catalytic performance of
well-dispersed CoP and Co,P nanocrystals, confirm-
ing that Co,P is preferred species for oxygen evolu-
tion reaction (OER) due to the easy formation of
abundant Co,P@COOH heterogeneous structures and
CoP for ORR due to abundant P sites™. Therefore,
effective and versatile synthetic methodology for the
controllable fabrication of TMP catalysts should make
full use of the advantages of structural and composi-
tional properties to maximize the ORR performance.

In this work, a high-efficient CoP@NC catalyst
(CoP nanoparticles wrapped by nitrogen-doped car-
bon shells supported on hierarchical porous carbon
framework) was successfully achieved by taking ad-
vantage of the excellent properties of metal phos-
phide materials and the unique advantages of ZIF-
based porous structures with a reasonable micropor-
ous/mesoporous ratio synthesized in our previous pa-
per””. The prepared CoP@NC catalyst exhibited
boosted ORR activity under alkaline conditions. The
zinc-air batteries assembled using the CoP@NC elec-
trocatalyst also demonstrated good performance with
a peak power density up to 210.1 mW cm* and long
durability.

2 Experiment

2.1 Materials

Zinc (II') acetylacetonate (Zn(acac),, 98%), Co-
baltous nitrate hexahydrate (Co(NO,),"6H,0, 98%),
2-methylimidazole (2-MeIM, 98%),

throline

1,10-phenan-

(phen, 98%), sodium hypophosphite

(NaH,PO,, 98%) were provided from Shanghai Alad-
din Company. 20% Pt/C was purchased from Johnson
Matthey. All chemical reagents purchased for the ex-
periment were used directly without any treatment.
2.2 Catalyst preparation
2.2.1 Preparation of Zn(acac),-0.4@ZIF-67

Zn(acac),-0.4@ZIF-67 was synthesized accord-
ing to the previous method of our team"”. First,
5 mmol of Co(NO,),"6H,0 was dissolved in 50 mL of
methanol and mixed well by sonication. Subsequently,
2 mmol of Zn(acac), and 1 mmol of 1,10-phenan-
throline were added to the above solution and stirred
magnetically to dissolve them completely. Lastly, the
above mixed solution was rapidly added to 50 mL of
methanol solution containing 30 mmol of 2-methylim-
idazole, and the mixture was completely dissolved by
magnetic stirring. The well-mixed solution was
poured into a 50 mL in Teflon reactor. The reaction
was then carried out hydrothermally in a desiccator
for 4 h at a reaction temperature of 120 °C. Zn(acac),-
0.4@ZIF-67 powder was obtained through centrifuga-
tion, rinsed twice with methanol and heated at 60 °C
overnight in vacuum environment to obtain dry a
sample.
2.2.2  Preparation of Co@NC

The produced sample was placed in a crucible
and then heated in a tube furnace vented with nitro-
gen. The heating temperature was gradually increased
to 900 °C and maintained 2 h. The ramping rate of
temperature was 5 °C-min .
2.2.3 Preparation of CoP@NC

The above synthesized Co@NC powder and
NaH,PO, powder were ground and stirred at room
temperature to explore the optimal phosphorus dop-
ing conditions. Subsequently, they were placed in a
tube furnace ventilated with N, at 350 °C for 2 h, and
then cooled naturally at room temperature. Finally,
CoP@NC catalyst were obtained.
2.3 Characterization

The morphology and microstructure of the pro-
duced material were studied using JEOL JEM-2010
transmission electron microscope (TEM). TESCAN
LYRA3-XMH scanning electron microscope (SEM)
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equipped with the energy-dispersive X-ray spectrum
(EDS) was used to gain the catalyst morphology im-
ages and elemental mapping. The crystal structures of
the sample were determined using Cu Ko radiation X-
ray diffraction (XRD) (Rigaku). The Escalab 250X X-
ray photoelectron spectroscopy (XPS) instrument was
adopted to determine the elements and valence state of
the produced samples.
2.4 Electrochemical measurements

To ascertain the electrochemical characteristics
for each sample obtained for the oxygen reduction
performance, three electrodes located on the CHI
Electrochemical Station (760E) was utilized. The
working electrode in this experiment was the glass
carbon disc electrode coated (RDE, 5.6 mm diameter)
with an as-prepared catalyst, the reference electrode
used in measurement was a saturated calomel elec-
trode, while the counter electrode was a graphene rod
electrode. To prepare a well-dispersed catalyst ink,
0.38 mL of a mixture of ethanol and deionized water
(1 : 1) was added to an vial containing 20 mg of
CoP@NC and sonicated for 30 min. Next, 20 puL of
5% Nafion (DuPont) film-forming agent was added to
the dispersed homogeneous ink and sonication was
continued for 30 min. Then, 10 puL of the above-pre-
pared dispersion was rapidly dripped onto the work-
ing electrode and dried naturally in air. Linear scan-
ning voltammetry (LSV) curves were obtained in the
O,-saturated electrolyte by setting the scanning rate to
5 mV s' and the working electrode speed to
1600 r min .

above experimental conditions all need to be modi-

The potentials measured under the

fied to reversible hydrogen electrodes (RHE) accord-
ing to Eq. (1):
E(vs. RHE) = E (vs. SCE) + 0.2438 + 0.0592 x pH (1)
The number of electron transfer (n) in the reac-
tion can be estimated by fitting the Koutecky-Levich
(K-L) formula to the LSV obtained at different rota-
tional speeds, according to Eq. (2) and (3):
1 1 1 1 1
17T T B T
B=0.62nFC,D; v

2
A3)

The yield of H,0, and electron transfer number

(n) during ORR were measured by the rotating ring
disk electrode (RRDE), according to Eq. (4) and (5):

2001,
0% = 1M @
1
: Q)

~P A
In the formula, /, and /; is the disk and ring cur-
rent, respectively. N (0.37) is the current efficiency of
Pt ring.
2.5 Alkaline zinc-air battery test
Using a homemade electrochemical cell, the
electrocatalytic performance of the produced catalyst
was examined in a rechargeable Zn-air battery.
Herein, a zinc plate (0.3 mm), a catalyst supported by
carbon cloth, and 6 mol L' KOH with 0.2 mol L™
Zn(OAc), solution as the anode, air cathode, and elec-
trolyte, respectively, were used to create a handmade
rechargeable ZAB. Using a spraying technique, the air
electrode was made, and the carbon fiber paper was
coated with the CoP@NC catalyst with a loading of
1.0 mg cm . By depleting the characteristics of zinc
flake, the energy density and specific capacity may be
calculated. The voltage-current polarization of batter-
ies was performed on a CHI 760E electrochemical
workstation. A Neware Battery Test Station System
(CT-4008T) was used to conduct the discharge-charge

at 10 mA cm 2.

3 Results and discussion

3.1 Microstructure analysis

TMPs exhibit excellent stability and ORR activ-
ity. Therefore, we expect to convert the Co particles in
the hierarchical porous nitrogen-doped carbon frame-
work into CoP nanoparticles for highly efficient and
stable ORR. The simple synthesis procedure of the
CoP@NC based on the ZIF-67 precursor is shown in
Scheme 1. Firstly, the Co@NC catalyst with reason-
able size and micropore/mesopore ratio was synthes-
ized by high temperature pyrolysis. Then, Co@NC
and NaH,PO, were mixed well in a mortar, and sec-
ondary pyrolysis was carried out at 350 °C to obtain
the CoP@NC catalyst. During the secondary pyrolys-
is, NaH,PO, can be decomposed at 300 °C to gener-
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Fig. 1 SEM micrographs of (a) Co@NC"" and (b) CoP@NC electrocatalysts. (c) Corresponding XRD patterns. (d-f) TEM images of CoP@NC catalyst

ate PH, gas, which can phosphorylate Co to form CoP
nanoparticles in situ without changing the dodecahed-
ral structure of the carrier.

Fig. 1a and b indicates the SEM micrographs of
Co@NC and CoP@NC. Numerous small Co or CoP
particles are dispersed evenly on the porous carbon
framework without obvious agglomeration. The
Co@NC catalyst synthesized before phosphorylation
shows a 3D rhombic dodecahedral structure with
smooth surface and right-angle edges in Fig. 1a. From
Fig. 1b, it can be found that the CoP@NC still main-

tains its original polyhedral structure after phos-
phorylation to some extent. However, its surface be-
comes much rougher in comparison to Co@NC cata-
lyst and presents many folds, which may increase its
surface area, thereby increasing the catalytically act-
ive area of the catalyst. Moreover, the porous struc-
ture of the ZIF-derived carbon framework was im-
proved by pre-adjusting the ratio of zinc/cobalt ions,
which effectively accommodated and exposed more
active sites. As can be seen from Fig. S1, the phos-

phorylation process extends more carbon nanotube
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structure on the catalyst surface, further increasing the
catalytic active area and electrical conductivity. The
good dodecahedral structure, appropriate pore distri-
bution and the extended carbon nanotube structure
jointly promote the mass transfer and electron trans-
fer during the catalytic reaction, which effectively im-
proves the ORR catalytic activity of CoP@NC.

The crystalline phase structures of CoP@NC and
Co@NC were studied by XRD (Fig. 1¢). The distinct-
ive wide diffraction peaks at 23.5°, 31.6°, 36.4°,
46.1°,48.3° and 56.7° of CoP@NC are well consist-
ent with the (101), (002), (111), (112), (211) and
(301) planes of standard CoP, respectively (JCPDS
#29-0497)P%*) The distinctive wide diffraction peaks
at 44.3°, 51.6° and 76.2° demonstrate the existence of
Co, which agrees closely with the pattern of Co@NC
(bottom) in Fig. 1c. The peak at 25° is indexed to the
(002) graphitic carbon plane (JCPDS#26-1076). The
results demonstrate that the Co nanoparticles are suc-
cessfully phosphorized to form CoP nanoparticles by
thermal phosphating under the NaH,PO,-generated
PH, gas and the CoP nanoparticles are evenly embed-
ded into the porous carbon framework.

The actual shape and particle size distribution of
CoP@NC were analyzed by TEM. It is a regular
rhombic dodecahedral structure with uniform size dis-
tribution of about 200 nm (Fig. 1d). Notably, CoP
nanoparticles of size around 8 nm are dispersed in the
carbon framework (Fig. le). High resolution TEM
(HR-TEM) image of the CoP@NC exhibits the
marked lattice spacing of 0.25 and 0.34 nm, which
were indexed to the CoP (111) plane and graphitic
carbon (002) plane, respectively (Fig. 1f). These res-
ults demonstrate that the CoP nanoparticles are
wrapped by N-doped carbon shells, both of which are
supported on porous carbon framework. Combined
with the morphology of the Co@NC catalysts (de-
tailed discuss in our previous study””), it is found that
the in-situ phosphating process converts Co nano-
particles to CoP, which maintains the porous struc-
ture of carbon framework and guarantees enough act-
ive sites for electrochemical reactions. Additionally,

the CoP nanoparticles are protected from aggregation

and chemical corrosion by the encapsulated structure,
which can boost the activity and stability of the cata-
lyst. Subsequently, to show the elemental distribution
of the CoP@NC sample, we tested the EDS element-
al mapping images (Fig. S2), which show that N, P
and Co elements are evenly dispersed throughout the
carbon frameworks.

The composition and
valence of Co@NC and CoP@NC were analyzed by
XPS. The C, N, O and Co element coexist in the full
XPS surveys of these electrocatalysts (Fig. S3). Evid-
ently, CoP@NC shows an additional P 2p peak at
around 130 eV, demonstrating the successful doping
of phosphorus'*”. The peaks at 284.6, 285.4, 286.9
and 289.2 eV in C 1s spectrum correspond to C—C,
C—N, C—0O/C—P and O=C—O,
(Fig. 2a). The N 1s spectrum of CoP@NC electrocata-
lyst has 5 peaks at 398.1, 399.1, 400.2, 401.1 and
4039 eV,
pyrrole-N, graphite-N and oxidized-N peaks, respect-

elemental electronic

respectively

corresponding to pyridine-N, Co-N,,

ively (Fig. 2b). The presence of pyridine-N, Co-N_
and graphite-N can not only contribute to the ORR
performance, but also demonstrate the nitrogen spe-
cies are successful bonded to the supporter . Ac-
cording to the Co 2p spectrum (Fig. 2¢), the peaks of
Co 2p,, at 778.4 and 781.1 eV for the CoP@NC elec-
trocatalyst are linked to Co—P and Co—O, respect-
ively. The presence of Co—P species indicates the
CoP is formed in the carbon frameworks. The peaks
observed at 793.3 and 797.2 eV are linked to Co 2p,,.
Moreover, two distinct peaks at 785.6 and 802.6 eV
are ascribed to satellite peaks caused by the spin-orbit
coupling of Co™". In addition, the peak corresponding
to Co’ disappears, further demonstrating the conver-
sion of Co to CoP in the carbon shell. The P 2p spec-
trogram of the CoP@NC electrocatalyst has 4 peaks
(Fig. 2d). The two fitted peaks at 129.5, 130.3 eV cor-
respond to the P 2p,, and the P 2p,, in Co—P, re-
spectively. Additionally, the fitted peak at 133.9 eV
can be correlated to P—O, which is probably a P spe-
cies produced by surface oxidation from exposure to
air. Meanwhile, the high-resolution P 2p XPS spec-
trum (Fig. 2d) of CoP@NC reveals the presence of
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Fig.2 High-resolution deconvoluted XPS analysis of (a) C Is, (b) N 1s, (c) Co 2p and (d) P 2p

P—C (132.6 eV). These results indicate that the phos-
phorus was successfully doped into the porous carbon
framework. The phosphating treatment forms the CoP
active site and introduces P atoms with high elec-
tronegativity into the carbon framework. This can
modulate the electronic structure of the monatomic
metal Co site through the proximity or remote co-
ordination effect, reducing the energy barrier of the
intermediate product and optimizing the ORR catalyt-
ic ability of the catalyst.
3.2 ORR catalyst activity

To wverify the activity of
CoP@NC towards ORR, cyclic voltammetry (CV)
curves of Co@NC, Co@NC, and Pt/C catalysts were
determined in alkaline electrolyte solutions saturated
with O, and N, (Fig. S4). All catalysts show a clear

oxygen reduction peak in the O,-saturated solution,

electrocatalytic

but not in the N, electrolyte, indicating that all of
these catalysts are electrochemically active. Further-
more, it is evident that the cathodic ORR peaks of the

various catalysts exhibit distinct positions in the CV

curves obtained under O,-saturated conditions. The
CoP@NC displays the most positive redox peak posi-
tion (Fig. S4) indicating its superior ORR activity
compared to CoP@NC and Pt/C catalysts. The speed
of the disc electrode was set to 1 600 r min ', and the
LSV curves of all the samples experimentally were
obtained at a scan rate of 5 mV-s' to investigate the
ORR catalytic ability of the samples in detail
(Fig 3a). The half-wave potential (£,,) and kinetic
current density (J,) of CoP@NC catalysts are com-
pared with the performance of CoP@NC and Pt/C
catalysts in Fig. 3b. CoP@NC has the best half-wave
potential of 0.92 V, which is higher than that of
Co@NC (E,, of 0.91 V) and Pt/C (E,, of 0.86 V).
Meanwhile, the J, of CoOP@NC reaches a largest value
of 16.53 mA cm” compared to the J, of Co@NC
(15.34 mA cm ) and Pt/C (6.17 mA cm*), exhibiting
the quick ORR reaction kinetic processs and outstand-
ing ORR electrocatalytic performance of CoP@NC.
Tafel slopes were utilized to examine the kinetic beha-

vior of catalysts in the ORR reaction. The Tafel slopes
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Fig.3 (a) LSV curves of CoOP@NC, Co@NC and Pt/C catalysts. (b) E,, and J, (0.85 V) of different catalysts. (c) C, values of each catalyst versus the scan-
ning speed, and the results are drawn as shown. (d) LSV curves of CoOP@NC obtained at rotational speeds of 400-2025 r min™". (¢) K-L plots of COP@NC.
(f) The electron transfer number (n) and the H,O, selectivity of the CoOP@NC and Pt/C catalysts measured according to RRDE. (g) LSV curves before and after
5 000 potentiostatic cycles of CoOP@NC and Pt/C. (h) Chronoamperometric tests of CoOP@NC and Pt/C catalys at 0.60 V (vs. RHE).

(i) Methanol antitoxicity testing of CoOP@NC and Pt/C catalysts

of the CoP@NC, Co@NC, and Pt/C catalysts with
values of 50, 54 and 72 mV dec', respectively, are
displayed in Fig. S5. The reaction’s kinetic character-
istics is improved with a smaller Tafel slope*. As a
result, the CoP@NC electrocatalyst exhibits the low-
est Tafel slope, further demonstrating its superior
ORR activity. In particular, the prepared CoP@NC
catalyst exhibits significant half-wave potentials and
relatively low Tafel slopes compared to similar cata-
lysts using CoP as the main active site, further sug-
gesting its superior performance (Table S1).

As shown in Fig. 3c, the electrochemical double
layer capacitance values (Cj) obtained during electro-
chemical experiments were used to calculate the elec-
trochemically active surface area (ECSA). Testing at
different scanning speeds produced the CV curves of
Faraday zone, and linear fitting of the CV curves pro-
duced the C, values for each catalyst (Fig. S6a-c).

From the linear fit curves in Fig. 3c, the C, value of
CoP@NC reaches 86 mF cm 2, better than other cata-
lysts. This implies that the CoP@NC electrocatalyst
gives the active site a sizable electrochemically active
surface area, facilitating the transfer of active species
during ORR. Therefore, in order to illustrate addition-
al electrochemical properties of the CoP@NC elec-
trocatalyst, more detailed tests were carried out.

To evaluate the ORR pathway for CoP@NC, the
electrocatalytic kinetics of the catalyst was determ-
ined from the LSV polarization curves (Fig. 3d). As
the rotational speed increases, the current density ex-
hibits a smooth growth characteristic, indicating that
the diffusion distance between oxygen and electrolyte
is shortened at high speeds. The K-L plots derived
from the linear voltammetric curves at speeds of 400-
2025 r min~' show well fitted parallel lines (Fig. 3e),
suggesting that CoP@NC catalyst obeys the first-or-
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der ORR reaction kinetics'**. The CoP@NC cata-
lyst was subjected to RRDE test to surmise the elec-
tron transfer pathway and catalytic reaction efficiency
of the catalyst, and obtain the electron transfer num-
ber (n) and the by-product hydrogen peroxide yield
(H,0,%) of CoP@NC in alkaline solution. Fig. 3f
shows that the CoP@NC catalyst possesses a better
electron transfer number of 3.98 than the commercial
Pt/C catalyst over the electrode potential from 0.3 to
0.8 V, while the H,0, yield remains below 2% and is
also lower than the Pt/C catalyst (14%). Such results
directly confirm that the CoP@NC catalyst maintains
excellent 4-electron processes in the ORR. The long-
term stability of the catalyst is a good indicator of
catalytic life. After 5000 cycles of the accelerated
durability test (ADT), the E,,, of the Pt/C catalyst de-
clines by 15 mV (inset of Fig. 3g), much more than
that of CoP@NC catalyst (5 mV) (Fig. 3g). As seen
from the i-t plots (Fig. 3h), the current retention rate
of the CoP@NC electrocatalyst can still maintain 94%
of its initial value after 30 000 s of continuous opera-
tion, whereas Pt/C can only maintain 65% of initial
current, implying the outstanding long-term stability
of CoP@NC. The resistance of the catalyst to methan-
ol toxicity was tested by adding a certain amount of
methanol to the electrolyte during chronoamperomet-
ric test. Fig. 31 demonstrates that after adding 5 mL of
methanol, the current density of CoP@NC fluctuates
slightly and then remains stable, while Pt/C shows a
significant decline. It shows that CoP@NC catalyst
has strong poisoning resistance, which is favorable for
practical commercial fuel cell applications.

In summary, CoP@NC electrocatalyst exhibits
excellent ORR activity, mainly due to the following
reasons: (1) When the N-doped carbon framework
with moderate size and reasonable microporous/meso-
porous ratio is used as a carrier, its outstanding elec-
trical conductivity facilitates electron transfer and re-
actant migration during the ORR, which enhances
electron/proton transport. (2) Due to the negatively
charged P atoms in CoP nanoparticles, the highly
graphitized carbon layer is positively charged, the
density of states of the Co atom is optimized, which

promotes the intermediate adsorption and thus accel-

erates the ORR. (3) CoP nanoparticles are encapsu-
lated by carbon matrix, which suppresses the chemic-
al corrosion of the CoP nanoparticles and thus im-
prove the stability of the CoP@NC catalyst. (4) The
strong electronic coupling between the reasonably
porous carbon framework and the highly active sites
of CoP nanoparticles is the main reason for the excel-
lent ORR performance.
3.3 Zinc-air battery performance

Zinc-air batteries (ZABs) were constructed using
commercial Pt/C and CoP@NC electrocatalysts as air
cathode catalysts and zinc plates as anodes, with the
aim to investigate their practical applications in the
energy conversion device. Compared with Pt/C
(1.46 V), ZAB assembled with CoP@NC as an air
cathode delivers a high open-circuit voltage up to
1.51 V and presents a high stability and non-decaying
state (Fig. 4a). In addition, we connected two
CoP@NC based ZABs and successfully lit up the
LED panels, proving that they have sufficient power
for practical use and broad application prospects
(Fig. 4a). As shown in Fig. 4b, the CoP@NC based
ZAB has a better discharge polarization curve and
peak power density, and the the peak power density of
CoP@NC is significantly improved to 210.1 mW cm >
compared to the 143.1 mW cm* of the Pt/C. Fig. 4c
shows that the specific capacitances of CoP@NC and
Pt/C based ZABs are 830 and 611 mAh g ', respect-
ively. Furthermore, as seen in Fig. 4d, the CoP@NC
based ZAB shows excellent rate performance at dif-
ferent current densities and maintains a stable voltage
at each current density from 2 to 20 mA cm’,
showing a stability superior to that of the Pt/C. In
Fig. 4e, the charging/discharging cycle curves of
CoP@NC keep stable for 110 h, with a slight increase
of 0.2 V in the voltage gap. This result reveals the ex-
cellent recharge ability and outstanding long-term dur-
ability of the CoP@NC based ZAB under high char-
ging potential during repeated charge/discharge. Sum-
marizing the ZAB performance parameters of
CoP@NC and other advanced catalysts, it is clear that
the assembled ZAB based on CoP@NC outperforms
most other catalysts (Table S2). These performance
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Fig. 4 (a) Open-circuit voltage profile of ZABs under alkaline solution assembled using CoOP@NC and Pt/C catalysts as air cathode materials. (Inset) Photo-
graph of connecting two ZABs lighting up a LED. (b) Polarization curves and power density curves of the of ZABs of the CoP@NC and Pt/C catalysts.
(c) Discharging capacity curves normalized by the consumed Zn of CoP@NC and Pt/C . (d) Rate performance of ZABs with CoP@NC
and Pt/C (20%) as air cathode at 2-20 mA cm 2, respectively. (¢) Charge-discharge cycle curves of ZABs using CoOP@NC and Pt/C catalysts

fully demonstrates that CoP@NC not only has excel-
lent catalytic efficiency and durability, but also has
the potential to be employed as air positive material
for a ZAB, which has a promising prospect in the field

of advanced energy storage.

4  Conclusion

The hierarchical porous carbon with controlled

size and reasonable microporous/mesoporous ratio

was used as the carrier, and then the well dispersed
CoP nanoparticles encapsulated in the carbon shell
were successfully immobilized on the support. The
achieved CoP@NC catalyst shows a boosted ORR
performance with a £,,, of 0.92 V under alkaline con-
ditions. The remarkable ORR activity of CoP@NC is
mainly due to the numerous CoP active sites evenly
embedded in the porous carbon framework and the
strong electronic coupling between carbon matrix and
the CoP nanoparticles. The CoP@NC electrocatalyst
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assembled as a cathode catalyst for Zn-air battery has
a high open-circuit voltage, exceptional power dens-
ity and an excellent stability. This study provides a
guidance for the design of novel noble metal-free
catalysts with potential applications in zinc-air batter-

ies.
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