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Introduction

With the rapidly increasing environmental pollution and

MOF-derived two-dimensional N-doped
carbon nanosheets coupled with Co—Fe—P-Se
as efficient bifunctional OER/ORR catalysts

Hengbo Wu,? Jie Wang,© Ji Yan, ¢ Zexing Wu @ * and Wei Jin (& *2

Developing highly efficient, low-cost and bifunctional electrocatalysts for the oxygen evolution reaction
(OER) and oxygen reduction reaction (ORR) plays a pivotal role in the scalable applications of zinc-air
(Zn—air) batteries. Herein, Co—Fe—P—-Se nanoparticles supported on two-dimensional nitrogen-doped
carbon (Co-Fe-P-Se/NC) to construct a three-dimensional nanostructure were obtained under the
assistance of metal—organic frameworks (MOFs). The two-dimensional hanosheet facilitated the electron
transfer rate and exposed abundant active sites. The three-dimensional morphology composed of
nanosheets was favorable for electrolyte transport and provided abundant channels for gas diffusion
during the catalytic process. Moreover, the coexistence of Co and Fe had important effects on promoting
the catalytic performances. Lastly, the catalytic performances for OER and ORR could be promoted effec-
tively after the introduction of selenium and phosphorous in the designed electrocatalyst. Benefiting from
the above merits, the prepared Co-Fe—P-Se/NC exhibited excellent catalytic performances for OER
(overpotential of 0.27 V at 10 mA cm™2), ORR (half-wave potential of 0.76 V) and rechargeable batteries
(a low voltage gap of 0.719 V, high power density of 104 mW cm™2 at 200 mA cm™2 and high energy
density of 805 W h K92n‘1). Moreover, the prepared electrocatalyst possessed more stable long-term
stability in all the conducted experiments. This work provides a novel approach to develop and construct
high-performance bifunctional nanocatalysts for metal-air batteries.

batteries, limit their large-scale practical applications."™* At
present, Ru/Ir and Pt are widely acknowledged as the best
catalysts for OER and ORR, respectively.’>>° However,

energy crisis, it is indispensable to exploit a sustainable and
eco-friendly energy storage and conversion setup.® Among
the researched energy devices, zinc-air (Zn-air) batteries have
attracted tremendous attention and are deemed as promising
candidates to fulfill our demands for future power devices due
to their advantages of high theoretical energy density, rich
resources and environmental sustainability.*”'° However, the
sluggish catalytic kinetics of the oxygen evolution reaction
(OER) and oxygen reduction reaction (ORR), which are two
critical electrochemical reactions in rechargeable Zn-air
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their scarcity and high cost hinder their widespread
implementation for applications in rechargeable Zn-air
batteries.?™** Moreover, the noble metals elevate the cost to
prepare catalysts in promoting the catalytic performance for
OER or ORR. Accordingly, developing highly efficient, low-cost,
earth-abundant and bifunctional electrocatalysts is still
challenging.*2¢

During the past decades, earth-abundant transition metal-
based nanomaterials have been extensively investigated for
OER and ORR, and they are considered as promising candi-
dates for the replacement of precious metals.>”*' However,
the catalytic activities of the developed substitutes are still far
behind those of the precious metals. As reported, a designed
bimetallic electrocatalyst presents a better catalytic perform-
ance compared with monometallic nanomaterials because the
electronic tuning would influence the reaction kinetics.**™**
Among the developed synthesis strategies, metal-organic
frameworks (MOFs), a family of crystalline materials formed by
the self-assembly of organic ligands and metal ions, have
been extensively investigated in energy conversion and storage
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technologies after specific modifications due to their well-
defined structures and high porosity.*>” In addition to the
design of bimetallic nanomaterials, the morphologies of the
obtained electrocatalysts also play a pivotal role in promoting
the catalytic properties. Two-dimensional (2D) nanomaterials
possess unique structures and electronic properties, which has
promoted the research in energy conversion and other
fields.*®™** For instance, Li et al.*® fabricated a two-dimen-
sional coupled hybrid composed of Mo,C on an N, P co-doped
carbon shell and N, P co-doped RGO; it presented excellent
catalytic activities for the hydrogen evolution reaction. Li
et al.*® developed 2D mesoporous FeCo-N,-carbon catalysts,
which yielded excellent catalytic performances for OER, ORR
and rechargeable Zn-air batteries. Thus, constructing a bi-
metallic 2D nanostructure catalyst would be a promising
method to achieve outstanding catalytic activities. Recently,
metal phosphides and selenides have been extensively investi-
gated for OER and ORR due to the efficient electron transfer
during the catalytic process over their intrinsically conductive
properties.*””>! Therefore, excellent catalytic performances for
OER, ORR and rechargeable Zn-air batteries are expected to be
achieved through the combination of metal phosphides and
selenides.

Herein, a facile and scalable strategy was exploited to
design Co-Fe-P-Se nanoparticles supported on 2D nitrogen-
doped carbon nanosheets, which presented excellent catalytic
activities for OER and ORR. Hexamethylenetetramine (HMT)
acting as the organic ligand could coordinate with metal
ions; the formed 2D nitrogen-doped carbon matrix was ben-
eficial for the electron transfer and avoided the aggregation
of metallic nanoparticles during low-temperature pyrolysis
(Scheme 1). The obtained 2D nanosheets formed a three-
dimensional structure with abundant channels; this was
favorable for the electrolyte transfer and exposed abundant
active sites, which contributed towards the enhancement in
the catalytic performances. Phosphorous and selenium were
introduced during pyrolysis to form phosphides and sele-
nides, which further promoted the catalytic performances.
Benefiting from the above-mentioned merits, the designed
electrocatalyst delivered excellent catalytic properties in OER,
ORR and rechargeable Zn-air batteries. Moreover, the result-
ing product also possessed excellent long-term stability for all
the measured tests.
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Scheme 1 Schematic illustration of the synthesis of Co—Fe—P—-Se/NC.
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Results and discussion

XRD was first performed to investigate the structure infor-
mation of the prepared Co-HMT and pure HMT. As shown in
Fig. S1b,f the Co-HMT frameworks possess a high degree of
crystallinity and match well with the previously determined
MOF.>*> Compared with the XRD diffraction pattern of pure
HMT, the XRD diffraction pattern of the Co-Fe-HMT nanorods
shows a significant difference. With different molar ratios, the
main diffraction peaks were similar. Besides, on increasing the
proportion of Fe’”, the diffraction peaks gradually approached
the peak shape of Fe-HMT, which indicated that HMT success-
fully coordinated with the Co-Fe species (Fig. S1ct). FT-IR was
performed to investigate the interactions between metal ions
and HMT. As shown in Fig. 1a, a vibration band located at
1234 em™" for ¥(CN) increases to 1254 c¢cm™'; moreover, Co-
HMT, Fe-HMT, and Co-Fe-HMT possess similar vibration
bands (Fig. S1at), demonstrating the coordination of Co>* and
Fe** to the ring nitrogen.”®* The interactions between an
organic ligand and metal ions can help avoid the aggregation
of metal nanoparticles and expose abundant active sites. XRD
was conducted to study the structure information of the pre-
pared catalysts. As shown in Fig. 1b, the peaks at 32.5°, 33.4°,
43.3° and 43.9° correspond to the (—202), (202), (—114) and
(114) crystal facets for Fe;Se, (JCPDS No. 73-2021); the peaks at
46.3°, 48.3° and 56.1° are ascribed to the (121), (211) and (221)
lattice planes of FeP (JCPDS No. 71-2262), respectively. Apart
from FeP and Fe;Se,, the peaks at 51.7 and 63.4 are attributed
to the (311) and (400) lattice planes of CoSe, (JCPDS No.
88-1712). The rest of the characteristic diffraction peaks at
31.6°, 35.3° 36.3° and 68.8° correspond to the (011), (200),
(111) and (122) lattice planes of CoP (JCPDS No. 29-0497). For
Co/NC (Fig. S1df¥), the peaks of Co/NC at 41.6°, 44.7° and 47.5°
well correspond to the (100), (002), and (102) crystal facets for
the Co nanoparticles (JCPDS No. 05-0727). The peaks of Fe/NC
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Fig. 1 (a) FT-IR spectrum of HMT and Co—-Fe-HMT. (b) XRD pattern of
Co-Fe—P-Se/NC. (c) Raman spectrum of Co—Fe/NC and Co-Fe—-P-
Se/NC. (d) Nitrogen adsorption/desorption isotherms of the prepared
Co—-Fe—P-Se/NC and pore distribution (inset).
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at 41.7°, 42.9° and 43.9° are indexed to the (100), (002), and
(102) lattice planes of C, respectively (JCPDS No. 79-1472).
Moreover, the peaks at 35.6°, 44.7° and 46° belong to the
(020), (410), and (330) lattice planes of Fe,Os;, respectively
(JCPDS No. 39-1346). The diffraction peaks of Co-Fe/NC at
30.2°, 35.6° and 44.7° also well correspond to the (220), (020)
and (410) lattice planes of Fe,O; (JCPDS No. 39-1346). The
diffraction peak at 47.5° can be assigned to the (102) plane of
the Co nanoparticles (JCPDS No. 05-0727). For Co-Fe-Se/NC
(Fig. Stet), the peaks at 28.1°, 33.4°, 45.3°, 47.8°, 48.4° and
57.5° can be indexed to the (103), (202) (—213), (015) (006) and
(215) lattice planes in Fe;Sey, respectively (JCPDS No. 73-2021).
The rest of the peaks can be well indexed to CoSe, (JCPDS No.
88-1712) and Fe,O3; (JCPDS No. 39-1346). For Co-Fe-P/NC
(Fig. S1f}), the peaks at 32.7°, 48.3°, and 55.3° are indexed to
the (011), (211) and (310) lattice planes in FeP, respectively
(JCPDS No. 71-2262). The rest of the peaks can be well indexed
to Co,P (JCPDS No. 32-0306).

Fig. 1c shows the Raman spectra of the prepared catalysts;
two prominent peaks at 1377 and 1606 cm™" can be clearly
detected and correspond to the D band of the disordered
carbon and the G band of the graphitic carbon. The I,/ value
of Co-Fe-P-Se/NC (1.05) was larger than that of Co-Fe/NC
(0.97), demonstrating that the doping of Se and P in the
carbon matrix could induce more defect structures; this was
beneficial to accelerate the electrochemical reaction due to the
defects, which could modulate the surface electronic structure
and create more active sites.”*® As illustrated in Fig. 1d, the
surface area of Co-Fe-P-Se/NC is explored by the N, adsorp-
tion-desorption technique, and the BET surface area is
15.1 m> g '. During the applied relative pressure, the N,
adsorption/desorption isotherms revealed a typical IV curve
with a hysteresis loop; the pore size distribution analysis indi-
cated the presence of mesopores.

SEM and TEM tests were conducted to investigate the nano-
structure of the designed electrocatalysts. As shown in Fig. 2a
and b, the obtained Co-Fe-HMT is composed of numerous
aggregated nanorods. We believe that the interactions between
Co?', Fe*' and HMT led to the formation of nanorods.’”
Interestingly, nanosheet structures appeared after low-temp-
erature pyrolysis for Co-Fe/NC (Fig. S2a and bt), Co-Fe-Se/NC
(Fig. S3a and bt), Co-Fe-P/NC (Fig. S4a and bf) and Co-Fe-P-
Se/NC (Fig. 2c¢ and d), indicating that the pyrolysis treatment
resulted in the transformation of nanorod to nanosheet mor-
phology. It could be clearly detected that the emerged
nanosheets contacted each other intimately and formed
three-dimensional porous structures. The three-dimensional
morphology with abundant channels benefits the transport of
an electrolyte and the diffusion of the produced gas or reaction
gases during OER and ORR, which helps accelerate the reac-
tion process.”® Moreover, the featured nanosheet structure
possesses a specific electronic structure and can expose abun-
dant active sites, which also contributes to the enhancement
in the catalytic performances.’ As illustrated in Fig. 2d, the
Co-Fe-P-Se nanoparticles can be obviously observed on the
nanosheet and are distributed uniformly, which effectively
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Fig. 2 Low and high-resolution SEM images of Co—-Fe-HMT (a and b)
and Co—-Fe-P-Se/NC (c and d). Low (e) and high-resolution (f) TEM
images of the prepared Co—Fe—P-Se/NC. (g) Elemental mappings of C,
N, P, Se, Fe and Co in the designed catalyst.

increases the reaction active sites. The nanosheet morphology
could be observed more clearly via TEM (Fig. 2e) and it
was found that the metal nanoparticles were distributed on the
carbon nanosheet homogeneously. The lattice spacing values of
0.253, 0.195, 0.268 and 0.205 nm were attributed to CoP (200),
FeP (121), FesSe, (202), and FesSe, (114), respectively (Fig. 2f).
The interface (yellow dotted line) between the carbon matrix and
metal nanoparticles could be observed distinctly. The Co-Fe-
P/NC nanosheets could be observed clearly via TEM (Fig. S4ct)
and the carbon matrix was clearly distinguished. The lattice
spacing values of 0.22 nm and 0.274 nm were attributed to Co,P
(121) and FeP (011), respectively (Fig. S4ff). The elemental map-
pings (Fig. 2g) and EDX (Fig. S51) demonstrated the existence of
C, N, P, Se, Fe and Co in the obtained catalysts.

XPS was further conducted to study the composition and
chemical valence of the developed Co-Fe-P-Se/NC. In line
with the elemental mapping results, C, N, P, Se, Fe and Co
were detected in the XPS survey spectrum (Fig. 3a). As shown
in Fig. 3b, the high-resolution XPS spectrum of C 1s can be
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Fig. 3 (a) XPS survey spectra and high-resolution C 1s (b), P 2p (c),
Se 3d (d), Fe 2p (e) and Co 2p (f) spectra of Co—Fe—P—-Se/NC.
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fitted into four peaks at 284.6, 285.7, 287.3, and 289.1 eV,
which are contributed by the C-C/C=C, C=O, C-N, and
0-C=0 species, respectively.®® The peaks located at 129.3 and
130.4 eV in the high-resolution P 2p spectrum (Fig. 3¢c) can be
ascribed to metal phosphides, and the peak located at 134 eV
is attributed to the P-O species exposed to air.®"** The Se 3d
spectrum can be resolved into three components at the
binding energies of 54.6, 55.7, and 58.9 eV (Fig. 3d), which are
attributed to Se 3d5/2 and Se 3d3/2 in selenides and the SeO,
species, respectively.”> In the Fe 2p spectrum (Fig. 3e), the
peaks located at 710.3 and 723.6 €V reveal the presence of Fe*”,
while the other two strong peaks located at 712.3 and 725.7 eV
are derived from Fe®".°" The accompanied satellite peak at
715.8 eV indicates the partially oxidized Fe species. In the
Co 2p spectrum (Fig. 3f), the peaks at 780.4 eV and 796.2 eV
can be ascribed to Co®" accompanied with two satellite bands
at 786 eV and 802 eV, while the peaks at 782.1 eV and 797.6 eV
can be ascribed to Co®'; the peaks at 778.2 eV and 793 eV
correspond well to metallic Co.%®> Thus, Co-Fe-P-Se/NC was
verified to be successfully synthesized after the low-tempera-
ture phosphidation and selenization process.

The electrocatalytic activities of the prepared catalysts for
OER were first evaluated in a 1 M KOH solution with a typical
three-electrode setup. For an ideal electrocatalyst for OER, the
lower overpotential to drive 10 mA cm™> means a better cata-
lytic performance. As shown in Fig. 4a, Co-Fe-P-Se/NC exhi-
bits the lowest overpotential (270 mV) to deliver 10 mA cm™>
relative to Co-Fe/NC (340 mvV), RuO, (290 mV), Co/NC
(397 mV), Fe/NC (366 mV), Co-Fe-Se/NC (300 mV), Co-Fe-P/
NC (289 mV), Co-P-Se/NC (359 mV) (Fig. S11a and b¥) and
Fe-P-Se/NC (336 mV) (Fig. S11a and bt); this demonstrated
that the coexistence of Co and Fe and the introduction of
heteroatoms played a significant role in promoting the cata-
lytic activity. Except overpotential, the Tafel slope, calculated
by the Tafel equation n = blogj + a (j is the current density
and b is the slope), is also an important parameter to research
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Fig. 4 LSVs (a) and corresponding Tafel plots (b) of Co/NC, Fe/NC,
Co-Fe/NC, Co-Fe-Se/NC, Co-Fe-P/NC, Co-Fe-P-Se/NC and RuO,
for OER. (c) Nyquist plots of Co/NC, Fe/NC, Co—Fe/NC, Co—Fe-Se/NC,
Co-Fe-P/NC and Co-Fe—-P-Se/NC. (d) Linear fitting of scan rates with
capacitive current densities of the prepared catalysts. (e) Durability
tests of Co—Fe—P-Se/NC and RuO, at 1.55 V with a rotating rate of
1600 rpm. (f) Loss rate histogram after the stability tests.
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the reaction mechanism and evaluate the catalytic activity; a
smaller slope means faster oxygen production with the
increase in overpotential. It could be obviously observed that
the designed Co-Fe-P-Se/NC possessed the smallest Tafel
slope (39 mV dec™') compared with Co/NC (96 mV dec™),
Fe/NC (74 mV dec™'), Co-Fe/NC (60 mV dec '), Co-Fe-Se/NC
(44 mvV dec™'), Co-Fe-P/NC (42 mV dec™') and RuO,
(57 mV dec™), further confirming the outstanding catalytic
performance of Co-Fe-P-Se/NC for OER (Fig. 4b). Moreover,
Co-Fe/NC with different molar ratios of Co-Fe (Fig. S67),
Co-Fe-Se/NC with different mass ratios of selenium powder
(Fig. S77), and Co-Fe-P-Se/NC with different mass ratios of
NaH,PO,-H,O0 (Fig. S8}) were prepared to explore the OER per-
formance. EIS was fitted by an equivalent circuit (Fig. S97).
The Nyquist plots in Fig. 4c show that the obtained Co-Fe-
P-Se/NC has the lowest charge-transfer resistance (3.235 Q)
(Table S17), which is beneficial for improving the catalytic per-
formance. Electrochemical double layer capacitance (EDLC)
is an important parameter to evaluate the electrochemical
surface area of the prepared electrocatalysts.®® The value of
EDLC was obtained by using the CV method in the potential
range of 1.07 V-1.17 V (Fig. S101) and by plotting Aj/2 against
the scan rate. As illustrated in Fig. 4d, Co-Fe-P-Se/NC presents
the largest EDLC value of 4.2 mF cm™> relative to
Co/NC (1.53 mF cm™?), Fe/NC (1.6 mF cm™?), Co-Fe/NC
(1.72 mF cm™?), Co-Fe-Se/NC (2.18 mF cm™?) and Co-Fe-P/NC
(3 mF cm™?), indicating that the coexistence of different
metals and heteroatoms can enlarge the contact surface area,
which is in favor of improving the catalytic performance.
Except catalytic performance, stability is also a significant
parameter for the designed electrocatalyst. /-t chronoampero-
metric measurements were recorded to investigate the stability
of the prepared electrocatalyst. As presented in Fig. 4e and f,
the prepared Co-Fe-P-Se/NC exhibits a lower current loss of
25% after 7200 s relative to commercial catalysts (39.3%),
demonstrating that its working stability is higher than that
of RuO,.

From the above discussion, we inferred that the prepared
catalysts delivered an outstanding catalytic performance for
OER. Considering that the ORR performance is also a key reac-
tion in rechargeable Zn-air batteries, we further measured the
electrocatalytic activities for ORR in alkaline media. As shown
in Fig. 5a, Co-Fe-P-Se/NC possesses the best catalytic perform-
ances for ORR except Pt/C; it exhibited the smallest half-wave
potential (E;, = 0.76 V) relative to Co/NC (E;/, = 0.7 V), Fe/NC
(E1/» = 0.708 V), Co-Fe/NC (Ey,, = 0.72 V), Co-Fe-Se/NC (Ey,, =
0.736 V), Co-Fe-P/NC (E;, = 0.71 V), Co-P-Se/NC (0.708 V)
(Fig. S11c and df) and Fe-P-Se/NC (0.719 V) (Fig. Slic
and dt). This indicated that the coexistence of Co and Fe and
the introduction of heteroatoms had paramount effects on
improving the catalytic activity for ORR. As an ideal electroca-
talyst for ORR, a four-electron reaction mechanism calculated
by the K-L equation is necessary. Fig. 5b shows the LSVs of
Co-Fe-P-Se/NC with different rotating rates. The limiting
current density decreased as the rotating rate decreased,
demonstrating that the current density is kinetically controlled.

Nanoscale, 2019, 11, 20144-20150 | 20147
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Fig. 5 (a) LSVs of Co/NC, Fe/NC, Co—Fe/NC, Co-Fe-Se/NC, Co-Fe-P/
NC, Co—Fe—P-Se/NC and Pt/C in 0.1 M KOH with a scanning rate of
5 mV s~ for ORR. (b) LSVs of Co—Fe—P-Se/NC with different rotating
rates, and corresponding Koutecky—Levich plots at different potentials
(c). (d) Stability tests of Co—Fe—P-Se/NC and Pt/C at 0.7 V with a rotat-
ing rate of 1600 rpm. (e) Loss rate histogram after the stability tests.
(f) The overpotentials between the E;/, of ORR and Ej; of OER for pre-
pared catalysts (AE = Ejjo — Ey/2).

The electron number was calculated to be around four from
the K-L plots (Fig. 5¢), indicating that the prepared Co-Fe-P-
Se/NC went through a desired four-electron reduction process.
Long-term stability capability is also a significant parameter
for the prepared electrocatalyst in ORR. As illustrated in
Fig. 5d and e, the current density of Co-Fe-P-Se/NC shows
negligible loss (about 39.6% loss in 0.1 M KOH) after 7200 s,
which is better than that for commercial Pt/C (52.5% loss),
revealing that Co-Fe-P-Se/NC had better stability than Pt/C.

The total oxygen electrode activity (Fig. 5f) was further eval-
uated by the potential difference (AE = Ej;o — E;5») between
OER (the potential at the current density of 10 mA em™ (Ej;0)
and ORR (E;5,). A smaller AE value means better reversible
oxygen catalytic activity. It was found that the AE value of Co-
Fe-P-Se/NC was smaller (0.741 V) than that of the Co-Fe/NC
sample (0.86 V) except that for Pt/C + RuO, (0.694 V).

In terms of the excellent catalytic performances for both
OER and ORR for the designed Co-Fe-P-Se/NC in alkaline
media, we assembled the catalysts into a Zn-air battery com-
posed of a polished zinc plate and Co-Fe-P-Se/NC with 6 M
KOH (containing 0.2 M Zn(CH3COO),) as the electrolyte. The
open-circuit potential of the Zn-air battery (1.3 V) equipped
with Co-Fe-P-Se/NC was slightly lower than that of Pt/C +
RuO, (1.39 V) (Fig. S12at). As shown in Fig. S13a and b,} two
tandem Zn-air batteries with the Co-Fe-P-Se/NC catalyst
provide enough voltage to power the red LED (2.0 V). The dis-
charge and charge polarization curves of Co-Fe-P-Se/NC and
Pt/C + RuO, are shown in Fig. S12b,f indicating that the pre-
pared catalyst exhibits comparable charge and discharge
curves with noble metals. Fig. 6a shows that the power density
of the Zn-air battery equipped with the Co-Fe-P-Se/NC cata-
lyst reaches 104 mW c¢cm™> at 200 mA cm >, which is close to
that of Pt/C + RuO, (108.5 mW cm™> at 167 mA cm™?). The
specific capacity (Fig. 6b) and the energy density (Fig. S12ct)
of Co-Fe-P-Se/NC (708 mA h g~ and 805 W h kg™, respect-
ively) were close to those of Pt/C + RuO, (725 mA h ¢g~' and
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Fig. 6 (a) Discharge polarization curves and the corresponding power
density curves of Co—Fe—P-Se/NC and Pt/C + RuO; catalyst, respect-
ively. (b) Discharge curves at a constant current density of 10 mA cm~2
of Co-Fe-P-Se/NC and Pt/C + RuO, mixture catalyst, respectively.
(c) Long-term cycling performance at a current density of 10 mA cm™2
with Co—-Fe—P-Se/NC and Pt/C + RuO, mixture catalyst as the air-
cathodes, respectively.

848 W h kg™, respectively); this demonstrated the outstanding
catalytic performance of the prepared catalyst, which was
also comparable or even superior to those of the previously
reported catalysts (Table S2t). The cycle performance of the
battery was evaluated by a galvanostatic test via 10 min dis-
charging and 10 min charging at a current density of 10 mA
em™? (Fig. 6¢). Initially, the battery made up of the Co-Fe-
P-Se/NC catalyst afforded a voltage gap of 0.719 V (a discharge
voltage of 1.219 V and a charge voltage of 1.938 V), and the
battery made up of the Pt/C + RuO, catalyst provided a voltage
gap of 0.654 V (a discharge voltage of 1.259 V and a charge
voltage of 1.913 V). However, the voltage gap of the Pt/C +
RuO, battery was larger than that of the Co-Fe-P-Se/NC
battery after 5 cycles, which was in line with the polarization
curves. Almost no obvious voltage change occurred in the
Zn-air battery composed of the prepared Co-Fe-P-Se/NC after
40 hours, demonstrating outstanding cycling stability. As
demonstrated above, the designed Co-Fe-P-Se/NC, as a prom-
ising bifunctional oxygen electrode catalyst, can potentially
work as an oxygen electrode in metal-air Dbatteries.
Additionally, SEM images obtained after the zinc-air battery
tests show that the nanosheet structures are well maintained
(Fig. S141). The TEM images (Fig. S151) confirmed the carbon
matrix and the main crystal phase FeP (121) and Fe;Se, (202)
could be well retained. Compared to the XRD pattern of the
fresh one, the XRD pattern of the Co-Fe-P-Se/NC catalyst
(Fig. S167) after the zinc-air battery tests changed negligibly,
suggesting the stability of this catalyst. Moreover, XPS analysis
clarified the surface composition of Co-Fe-P-Se/NC after the
zinc-air battery tests (Fig. S167). In the Se 3d XPS spectrum
(Fig. S17dt), the SeO, species increase obviously compared
with the unreacted one, indicating that the surface of Co-
Fe-P-Se/NC is oxidized during the OER and ORR processes.®”
The P 2p, Fe 2p and Co 2p spectra (Fig. S17c, e and fT) indicate

This journal is © The Royal Society of Chemistry 2019
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the same species compared with the XPS spectra before
measurements. Hence, based on the SEM, TEM, XRD and XPS
results, we affirmed that Co-Fe-P-Se/NC can maintain a rela-
tively stable state.

Conclusions

In summary, we developed an innovative avenue to prepare
two-dimensional carbon nanosheets with Co-Fe-P-Se nano-
particles via the pyrolysis of metal-organic frameworks in the
presence of phosphorous and selenium sources, which pre-
sented outstanding catalytic performances for OER and ORR
in alkaline electrolytes. As a proof of concept, rechargeable
Zn-air batteries were constructed with the designed nano-
materials as electrodes and they presented an excellent per-
formance and long-term cycling stability. The excellent cata-
lytic properties could be ascribed to the following factors: the
two-dimensional structure was beneficial for the electron
transfer and exposed rich active sites; the three-dimensional
morphology was favorable for the electrolyte transport and
diffusion of gas; nitrogen doping in the carbon matrix also
had a significant role in enhancing the catalytic activities; the
coexistence of Co and Fe and the introduction of P and Se were
critical to promote the catalytic performances. This work will
accelerate the development of efficient and low-cost non-noble
electrocatalysts with definite nanostructures in renewable
energy conversion and storage.
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