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ABSTRACT

Rational construction of active components has been the biggest challenge in preparing efficient bifunctional oxygen
electrocatalysts. Herein, electrospinning and chemical vapor deposition (CVD) were employed to embed active species including
FeCo nanoparticles, MNx (M = Fe, Co), and FePx in porous and graphitized carbon nanotubes (CNTs)/carbon nanofiber (CNF).
The as-prepared FeCo@CoNx@FePx/C exhibited a half-wave potential as high as 0.86 V in oxygen reduction reaction (ORR)
and low oxygen evolution reaction (OER) overpotential of 368 mV at 10 mA-cm™, which are superior to Pt/C (0.83 V) and IrO,
(375 mV) respectively. The assembled Zn-air battery (ZAB) showed a high energy efficiency (Egicharge/Echarge) Of 65% at
20 mA-cm and stabilized for 700 charge—discharge cycles. The spectroscopic and microscopic characterizations evidenced that
the outstanding bifunctionality of the electrocatalyst can be ascribed to three main reasons: First, FeCo nanoparticles are rich in
MOH/MOOH active sites for OER, and FePx/CNTs constructed with CVD also modulate electronic structure to improve electron
transfer; second, both MNx in carbon matrix and FePx/CNTs are highly active towards ORR; third, the CNTs/CNF are highly
porous and graphitized, which promotes mass transport and improves electrical conductivity and stability of the electrocatalysts.
This work gives important implications on the design of bifunctional electrocatalysts.
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more likely to be formed on the alloy surface, which was verified
to be a typical OER active site. On the other hand, the formation
of MNx on the nitrogen-doped carbon matrix would promote its |
ORR activity, because the metal-heteroatom bonds could lower
the binding energies of the intermediates *OOH and *OH in ORR
[23-25]. In addition, transition metal phosphides have recently
been validated as effective ORR/OER active species [4, 16, 23, 24].
However, constructing active sites to achieve highly efficient
OER/ORR bifunctionality is still challenging [26-32]. Gao et al.
[23] built a new composite catalyst (CoFeP@C) by embedding
CoFeP nanoparticles in N, P double-doped carbon matrix. Lu et
al. [16] designed five bimetallic phosphide catalysts M-Co,P@M-N-
C (M = Fe, Ni, Mn, Al, Mo), which contain the active substances
including bimetallic bonds, metal phosphide, nitrogen-doped
carbon, etc. The activity of the above electrocatalysts is still inferior
to that of noble metal catalysts, which is likely due to their simple

1 Introduction

Nowadays the energy shortage and climate change problems
trigger an urgent demand in accelerating the commercialization of
clean energy including the fuel cells and metal-air batteries, both
of which require highly efficient oxygen electrocatalysts [1-3].
Until now, the most efficient electrocatalysts for oxygen evolution
reaction (OER) and oxygen reduction reaction (ORR) are Ir/Ru
and Pt-based materials respectively [4-6]. However, the high cost,
low abundance, and poor stability of such noble metal materials
hamper their commercial application [7]. In addition, lack of
multifunctionality is also an obvious disadvantage for the
development of those electrocatalysts in clean and sustainable
energy devices [8,9]. Recent studies revealed that constructing
particular active components for OER and ORR in carbon matrix
is an effective way to prepare bifunctional electrocatalysts with low
cost, high activity, and stability [10-12].

In recent years, transition metal alloys (FeCo, CoNi, and FeNi)
have received extensive attention due to their outstanding
performance as electrocatalyst in clean energy conversion
processes [13-17]. Encapsulation of metal alloys into nitrogen-
doped carbon materials has been considered as a promising
strategy to improve activity and stability, especially for OER
electrocatalysis [18-24]. This is because metal-OOH bonds are

carbon matrix structure with low porosity and hence the exposure
of active sites is limited.

In this work, a simple and effective strategy is designed to
successively anchor alloy nanoparticles and their metal
compounds on high-defect and porous carbon substrate for
preparing a highly active and durable bifunctional electrocatalyst.
Preparing multi-dimensional carbon fiber via electrospinning has
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become a popular way to obtain the excellent carbon substrate for
loading electrocatalytic active species. The resultant carbon
substrate with fiber network has high porosity and large surface
area to promote the mass transport in electrocatalysis [33-35].
Chemical vapor deposition (CVD) technology has been proved to
be an effective way for constructing active components on
electrocatalysts and is increasingly popular in recent studies
[36-38]. Thus, we adopted the electrospinning and CVD
techniques to construct multiple active species on defect-rich and
porous carbon substrate by fully taking the advantages of the
spacing effects of the carbon nanofiber. To be specific, a small
amount of (0.3 wt.%) Fe and Co ions was first well dispersed in
the spinning precursor. By applying high positive and negative
voltages (20 and —1 kV) to the precursor, the nanofiber network
was formed. After heat treatment, the carbon fiber substrate with
highly graphitized and defect-rich structure was obtained and the
FeCo alloy nanoparticles were simultaneously embedded. Next,
the carbon fiber was successively treated with NH; and PH; vapor
via CVD method under 800 °C. The high-defect and graphited
carbon resulted in the maximum exposure of the FeCo alloy
nanoparticle, leading to partial conversion of FeCo alloys to MNx
species and FeP, nanoparticles. As a result, the
FeCo@CoNx@FePx/C nanofiber electrocatalyst with rich porosity
and high utilization of active sites was obtained. The half-wave
potential of the electrocatalyst reached as high as 0.86 V in ORR,
and an overpotential of 368 mV at 10 mA-cm™ in OER, which is
superior to both the noble metal catalysts Pt/C (0.83 V) and IrO,
(375 mV) respectively. Moreover, the assembled Zn-air battery
(ZAB) showed a low voltage gap (AE) of 0.69 V at 20 mA-cm™
corresponding to a round-trip efficiency (Egcharge/ Echarge) Of 65%
and stabilized for 700 charge-discharge cycles. Therefore, the
present strategy provides important implications for developing
efficient and stable bifunctional electrocatalysts for applications in
clean energy devices such as fuel cells, metal-air batteries, and
water splitting.

2 Experimental

2.1 Materials

All reagents were obtained from commercial sources and used as
received without further purification. Ferric nitrate nonahydrate,
copper nitrate hexahydrate, ethanol, polyvinylpyrrolidone (PVP,
K88-K96), Nafion D-521 dispersion, and potassium hydroxide
were all purchased from Aladdin  (China). N,N-
Dimethylformamide (DMF, 99.5%) was obtained from Macleans.
Commercial Pt/C (20 wt.% Pt) and IrO, were from Suzhou Sinero
Technology Co., Ltd. All solutions were prepared using ultrapure
water at a resistivity of 182 MQ-cm at 298 K (KMD-SHZ, CD
Haochun Inc., China).

2.2 Synthesis of FeCo/C

1 mmol Fe(NO,);9H,0 and 0.5 mmol Co(NO,),.6H,0O were
added into 25 mL DMEF solution and stirred on a magnetic stirrer.
After dissolved, 3 g of PVP was introduced and stirred for 48 h to
ensure that the metal ions were evenly dispersed in the solution.
The prepared solution was added into a 10 mL syringe and a 19-
gauge needle was employed for electrospinning. The positive and
negative voltages used for spinning were 20 and 1 kV respectively,
the spinning speed was 0.8 mL+h™, the running speed of the roller
was 300 rap-min’, the relative humidity of the air was 20%-30%,
and the temperature was 25-30 °C. The FeCo composite fiber
prepared by electrospinning was dried in a vacuum at 120 °C for
6 h. After drying, the samples were put in a corundum crucible
and heated at 800 °C for 2 h in a tube furnace with NH; flow. The
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heating rate was 2 °Cmin”. The FeCo/C sample was then
obtained.

2.3 Synthesis of FeCo@MNx/C

The FeCo/C catalyst and dicyandiamide (C,H,N,) with a mass
ratio of 1:4 were placed in the same crucible and a N, atmosphere
was kept for CVD. Given that the operation with C,H,N, is more
convenient and safer than NH;, C,H,N, was used as the nitrogen
precursor. During the vapor deposition, the temperature reached
first up to 300 °C at a rate of 5 °C:min™, and then to 1,000 °C at
2 °C:min™. The temperature of 1,000 °C was kept for 1 h and
dropped to 300 °C at a rate of 7 °C-min™". The sample was then
taken out and naturally cooled down to room temperature. The as-
obtained sample was named as FeCo@MNx/C.

24 Synthesis of FeCo@CoNx@FePx/C

The FeCo@MNx/C catalyst and NaH,PO, were placed in two
separate small crucibles, and CVD was carried out in a N,
atmosphere. The samples were heated to 400 °C at a rate of
2 °Cmin™ and stayed for 2 h. Then it was naturally cooled down
to room temperature. The FeCo@CoNx@FePx/C was finally
obtained.

2.5 Synthesis of other catalysts

The similar preparation procedure was used for synthesising Fe/C,
FeNx/C, FeNx@FePx/C, Co/C, CoNx/C, and CoNx@FePx/C only
without the introduction of Co(NO;),-6H,O or Fe(NO,);-9H,0.
The FeCo@FePx/C was prepared by using FeCo/C catalyst and
NaH,PO,. The FeCo@MNx’/C was prepared via twice vapor
deposition with C,H,N,.

2.6 Material characterizations

The morphology of the electrocatalysts was examined by a field
emission Transmission Electron Microscope (JEOL F200). The
element distribution was characterized with an energy spectrum
analyzer. The nitrogen absorption and desorption curves were
obtained on a Brunauer-Emmett-Teller (BET) analyzer (ASAP
2460). The crystal structures were analyzed by high-resolution X-
ray diffractometer under Cu Ka radiation between 5°-90°. The
structure of the carbon support was characterized by laser micro
confocal Raman spectrometer (excitation wavelength: 532 nm,
spectral range: 100-8,000 cm™). The elemental information was
provided with X-ray photoelectron spectrometer (Thermo
ESCALAB 250XI). The atomic structure of the catalyst was
analyzed by using synchrotron radiation hard X-ray (Singapore
Light Source). The content of Fe and Co elements in the samples
was determined by inductively coupled plasma-optical emission
spectrometry (ICP-OES, Agilent 7700). The X-ray absorption
spectroscopy (XAS) data analysis, the detailed procedure of
electrochemical measurements, and the assembly process of Zn-
air battery can be seen in the Electronic Supplementary Material
(ESM).

3 Results and discussion

3.1 Catalyst synthesis and characterization

Figure 1(a) illustrates the synthetic process of FeCo/C,
FeCO@MNXx/C, and FeCo@CoNx@FePx/C. The morphology of
the FeCo/C, FeCo@MNx/C, and FeCo@CoNx@FePx/C samples
was first characterized by transmission electron microscopy
(TEM). As for the FeCo/C, it can be observed from Fig. S1(a) in
the ESM that the nanoparticles with about tens of nanometer in
size are uniformly distributed on the surface of porous carbon
fibers. The crystalline spacing in the high-resolution TEM
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Figure1 (a) A scheme illustrating the preparation procedure of the FeCo/C, FeCo@MNx/C, and FeCo@CoNx@FePx/C electrocatalysts. (b) A typical TEM image of
the FeCo@CoNx@FePx/C fiber. (c) A zoom-in TEM image showing FeCo alloy nanoparticles on the fiber surface. (d) A TEM image of the FeP, “head” of carbon
nanotube. (e) The diffraction image of FeP,. (f) The EDS mapping of the FeCo@CoNx@FePx/C electrocatalyst. (g) Raman and (h) BET analysis of the three

electrocatalyst.

(HRTEM) image (Fig. S1(b) in the ESM) agrees with the (110)
plane of FeCo, indicating the successful embedding of FeCo alloys
in the carbon substrate via the electrospinning technique. In
addition, the FeCo nanoparticles are found to be covered by the
multilayers of graphene, which could likely improve the
conductivity and stability of the electrocatalysts [39-41]. After the
CVD of nitrogen, there is no obvious change in the fiber
morphology, as shown in Fig. S2 in the ESM. The typical TEM
image of the  further  phosphatization  product
FeCo@CoNx@FePx/C is shown in Figs. 1(b)-1(e). The FeCo alloy
nanoparticles (Fig.1(c)) and the surface graphene (Fig. 1(d))
remain in the FeCo@CoNx@FePx/C fibers. In addition, plenty of
carbon nanotubes (CNTs) with a nano-spherical “head” (around
20-40 nm) randomly grew on the fiber surface (Fig. 1(b) and Fig.
S3(a) in the ESM). The crystalline spacing of the CNT heads (Fig.
1(d)) agrees with the (221) plane of FeP, and both the (151) plane
and (221) plane of FeP, are evidenced in the diffraction image,
demonstrating that the mushroom heads consist of FePx. The
hierarchical carbon substrate consisting of CNTs/carbon fiber
could stabilize its active sites and increase the conductivity to
accelerate the catalytic process. The growth of FePx/CNTs on the

fiber surface could not only enable the maximum exposure of
active sites but also facilitate the electron transfer kinetics [7].
Energy dispersive X-ray spectroscopy (EDS) mapping (Fig. 1(f)
and Fig. S3(b) in the ESM) further evidences the presence of the
iron, cobalt, nitrogen, and phosphorus elements in
FeCo@CoNx@FePx/C. X-ray diffraction analysis (XRD) of the
FeCo/C, FeCo@MNx/C, and FeCo@CoNx@FePx/C catalysts was
conducted and the results are shown in Figs. S4(a)-S4(c) in the
ESM. The diffraction pattern of all samples shows the (110), (200),
and (211) planes of FeCo alloys (00-049-1567) and the graphite
(002) plane at 26°. The relative intensity of the later increases after
CVD doping, indicating that the degree of graphitization gets
higher. Compared with the FeCo/C, the patterns of FeNx (FeN,
and FeNj44) and FeP, are found in the FeCo@MNx/C (Fig. S4(b)
in the ESM) and FeCo@CoNx@FePx/C (Fig. S4(c) in the ESM)
respectively, indicating the successful fabrication of the metal
nitrides and phosphides on the graphited carbon substrates. Note
that some Fe;O, was found in FeCo@CoNx@FePx/C, which likely
came from oxygen in NaH,PO,.

More morphology information is further provided by the
Raman spectroscopy and BET analysis. Figure 1(g) shows the
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Raman spectra of the three samples where the G and D peaks
reflect the degree of graphitization and defect structure of the
sample, and the characteristic 2D peak of graphene is also
observed [42, 43]. For the FeCo/C, the high 2D peak and the small
L/I (less than 1) indicate that graphene multilayers have been
formed on the surface of the electrocatalyst, which is consistent
with the observations in the TEM images. The graphited carbon
substrate could significantly enhance the stability and conductivity
of the electrocatalyst. The Ip/I; of 1.4 indicates the defect-rich
structure of the graphited carbon substrate, which would further
benefit for the electron transfer in electrocatalysis (Fig. 1(g)). The
I/ value of FeCo@MNx/C and FeCo@CoNx@FePx/C increases
up to 2.2 and 2.9 respectively, significantly higher than that of
FeCo/C (Fig. 1(g)). The increased defects of carbon substrate
demonstrate that during the NH; and PH; vapor deposition, the
metal nitrides and metal phosphides were successfully
constructed.  Particularly, the Raman  spectrum  of
FeCo@CoNx@FePx/C shows characteristic peaks of respiratory
mode at ~ 205 and ~ 305 cm™, indicating the formation of single
wall CNTs. All these observations agree well with the above results
from TEM and XRD. BET analysis of FeCo/C, FeCo@MNx/C,
and FeCo@CoNx@FePx/C was performed and their specific
surface areas were 105, 137, and 215 m*g™, respectively (Fig. S5(a)
in the ESM). In addition, it is shown that micropores dominate in
the FeCo/C whilst the FeCo@MNx/C and FeCo@CoNx@FePx/C
especially exhibit high mesoporous contents instead (Fig. 1(h) and
Table S1 in the ESM). Particularly for the FeCo@CoNx@FePx/C,
significantly high content of macroporous structure is observed, as
shown in Figs. S5(b) and S5(c) in the ESM. This is due to the
staggered arrangement of CNTs on the surface of carbon fibers. It
has been reported that the abundant mesopores and macropores
are beneficial to the mass transport in electrocatalysis [44].

X-ray photoelectron spectroscopy (XPS) was performed to
investigate the surface elemental composition of the FeCo/C,
FeCo@MNx/C, and FeCo@CoNx@FePx/C electrocatalysts. Figure
2 shows the XPS spectra of N 1s, O 1s, Fe 2p, and Co 2p. It is seen
from Fig. 2(a) that all three catalysts exhibit the N 1s peaks of
graphitic-N at ~ 401 + 0.1 eV and pyridinic-N at ~ 398.65 +
0.15 eV and M-N at ~ 399.7 eV [8,45]. The high content of
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graphitic-N secures the good conductivity of carbon support.
After the CVD of nitrogen, FeCo@MNx/C catalysts show
characteristic peaks of M-N and the increased content of pyridinic-
N, both of which are active sites for ORR and likely come from
DMF and/or the annealing treatment with gaseous ammonia.
Further CVD with PH; reduces the content of pyridinic-N since
some of the latter was transformed to phosphide which is also
active towards ORR [46, 47]. Figure 2(b) shows that the content of
each nitrogen species in the three samples. The total N content
increases after N doping while decreases after P deposition, and is
4.2%, 6.2%, and 2.2% respectively. This evidences the successful
nitridation and the next substitution of P to partial N.

The high-resolution XPS spectrum of O 1s is shown in Fig.
2(c). The typical peaks are associated with C-O at ~ 533.6 eV,
M-OH/MOOH at ~ 531.2 €V, and M-O at ~ 530.3 eV [48]. It is
found that the peak of M—OH/MOOH shifted to higher binging
energy after nitrogen deposition and then shifted back when
phosphides formed. The slightly higher binding energy of
FeCo@MNx/C at 532.68 eV is likely attributed to the physical or
chemical adsorbed water [49]. Given the dominant role of
MOH/MOOH in electrocatalysing OER, the different activity of
these three samples is ascribed to the content of MOH/MOOH,
which is 48.1%, 24.8%, and 43.6% for FeCo/C, FeCo@MNux/C,
and FeCo@MNx@FePx/C respectively (Fig.2(d)). Therefore, as
shown in Fig.4, the OER activity of FeCo/C and
FeCo@CoNx@FePx/C is higher than FeCo@MNx/C.

Due to the relatively low content of Fe and Co in the samples,
the spectra of Fe 2p and Co 2p are slightly noisy. In Figs. 2(e) and
2(f) the peaks of intermetallic bonding and the main peak of
MOH/MOOH can be observed. The higher content of
MOH/MOOH in the FeCo@CoNx@FePx/C catalyst is further
demonstrated in the Fe 2p and Co 2p spectra. Note that the Fe-P
peak is likely covered by the signal of Fe-OH/OOH. Figure S6 in
the ESM shows the C 1s spectra where the satellite peak at around
288.5 eV indicates the graphitization of carbon in all three samples
and the peak at about 286 eV is assigned to the C-N/P bonds [41].

To further illustrate the construction process of multiple active
components on highly defective and graphitized carbon fiber
substrates, X-ray absorption near edge structure (XANES) spectra
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Figure2 XPS spectra of the FeCo/C, FeCo@MNx/C, and FeCo@CoNx@FePx/C electrocatalysts: (a) N 1s, (b) content distribution of different kinds of nitrogen, (c) O

1s, (d) content of M-OH/MOOH in the three catalysts, () Fe 2p, and (f) Co 2p.
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were conducted to investigate the electronic structure of the metal
compounds. Figures 3(a) and 3(b) separately show the Fe K-edge
and Co K-edge XANES spectra of the FeCo@CoNx@FePx/C and
their reference samples. Their first derivative curves are shown in
the inset. It is found that the Fe K-edge first derivative peak of
FeCo@CoNx@FePx/C is relatively board and located between
FePc and Fe foil, indicating that the main Fe species in
FeCo@CoNx@FePx/C carry partial positive charges and likely
include both metallic Fe and Fe-N/P. The pre-peak at 7,113.5 eV
in the Fe K-edge curve of FeCo@CoNx@FePx/C is ascribed to its
characteristic 1s > 4p, transition, indicating the coordination
between Fe and heteroatoms [50,51]. The Co K-edge first
derivative profile shows similar results. The corresponding Fourier
transforms (r-space) of the extended X-ray-absorption fine
structure (FT-EXAFS) data are shown in Figs. 3(d) and 3(e). A
prominent peak at ~ 2.3 A is observed for both Fe and Co, which
is close to the spectra of Fe foil and Co foil and ascribed to the
scattering path of crystalline phases of Fe-Fe/Co and Co-Co/Fe.
From the Fourier transforms of Fe K-edge data, a clear shoulder
peak at 1.8 A is observed, which is attributed to the Fe-P
according to the coordination geometry study with the least
square fitting analysis. As shown in Fig. 3(c) and Fig. S7 in the
ESM, the FeCo@CoNx@FePx/C exhibits the best fitting in the
both K and R spaces when Fe-P, Fe-Fe, and Fe-Co contributions
are all considered on the first shell of the Fe K-edge. The fitting
parameters are list in Table S2 in the ESM. Therefore, it is
demonstrated that the shoulder peak at 1.8 A in the Fe K-edge FT-
EXAFS spectrum of FeCo@CoNx@FePx/C originates from the
Fe-P. Regarding the Co K-edge FT-EXAFS spectra, the shoulder
peak at 1.5 A is similar with that of CoPc and hence attributed to
Co-N. The least square fitting analysis further confirms the
contribution of Co-N since the combination of Co-N, Co-Fe,
and Co-Co on the first shell gives the best fitting result (Fig. S7
and Table S2 in the ESM). The presence of Fe-P and Co-N in
FeCo@CoNx@FePx/C by XAS indicates that most of the Fe-N
pyridine may be converted to Fe-P after doping with PH; vapor,
and M-N mainly exists in the form of Co-N.

Wavelet transforms-X-ray absorption fine structure (WT-
EXAFS) analysis was further conducted to investigate the
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coordination environment since with this method resolution in
both R-space and K-space can be greatly improved [52,53].
Figures S8(a) and S8(b) in the ESM show the WT diagram of Fe K-
edge and Co K-edge and their extracted contour plots are
presented in two forms. From the raw contour plots of the Co K-
edge spectra in Fig. S8(c) in the ESM, it is observed that there are
three intensity maximums on the first shell, which likely results
from the scattering path of Co-N, Fe, and Co [54]. In comparison,
only one intensity maximum appears in the contour map of Fe K-
edge, which is probably because of the superposition of the P-Fe
and Fe-Fe/Co (Fig. S8(d) in the ESM). The above analysis reveals
that the FeCo@CoNx@FePx/C consists of three metal species
including Fe-P, Co-N, and Fe-Co, which would play their
important roles in oxygen electrocatalysis. It is also demonstrated
that multiple active species have been successfully constructed on
the defect-rich and porous carbon substrate via such strategy.

For comparison, the XANES, FT-EXAFS, and WT of the
FeCo/C were also analyzed, and the results are shown in Fig. S9 in
the ESM. Only one main peak is observed in the FT-EXAFS
spectra of both Fe and Co K-edges. The least square fitting
indicates that the peak is the superposition result of Fe-Fe or
Co-Co and Fe-Co on the first shell, which means that only FeCo
alloys exist in FeCo/C.

3.2 OER/ORR activities of electrocatalysts

Having characterized the FeCo/C, FeCo@MNx/C, and
FeCo@CoNx@FePx/C samples, their electrocatalysis towards OER
and ORR was separately investigated. The OER performance was
first evaluated by performing linear sweep voltammetry (LSV)
with a three-electrode system in a 1 M KOH electrolyte. Figures
4(a) and 4(b) show the LSV curves of the three electrocatalysts and
IrO,. A small overpotential for the as-prepared FeCo/C (342 mV),
FeCo@MNx/C (375 mV), and FeCo@CoNx@FePx/C (368 mV) at
10 mA-cm™ is obtained, which is 32, 1, and 7 mV lower
than the IrO, (375 mV). The Tafel analysis in Fig. 4(c) shows that
the FeCo/C (49.5 mV-dec') exhibits the most efficient
electron transfer, while the Tafel slopes of the FeCo@MNx/C
(83.6 mV-dec’) and FeCo@CoNx@FePx/C (70.1 mV-dec™) are
close to that of IrO, (70.8 mV-dec”). The OER activity order of
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Figure3 (a) Fe K-edge XANES spectra and (b) Co K-edge XANES spectra of FeCo@CoNx@FePx/C catalyst and their reference samples. (c) EXAFS R-space fitting
curve for FeCo@CoNx@FePx/C. The Fourier transform spectra of (d) Fe K-edge spectra and (e) Co K-edge spectra.
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Figure4 (a) and (b) LSV curves of OER at FeCo/C, FeCo@MNx/C, FeCo@CoNx@FePx/C, and IrO, in N,-saturated 1 M KOH solution. (c) Tafel plots of OER. (d)

EIS curves at 1.75 V vs. reversible hydrogen electrode (RHE).

FeCo/C > FeCo@CoNx@FePx/C > FeCo@MNx/C is related with
the MOH/MOOH active site at these three samples. As discussed
in the above XPS analysis, the higher contents of MOH/MOOH at
FeCo/C and FeCo@CoNx@FePx/C than that of FeCo@MNx/C,
are likely responsible for the enhanced OER activity of the former
two electrocatalysts. In addition to the improvement of intrinsic
activity, the porous structure of the carbon fiber constructed by
electrospinning and annealing not only accelerates the mass
transport but also enhances the electrical conductivity of these
electrocatalysts. As shown in the electrochemical impedance
spectroscopy (EIS) measurements (Fig. 4(d)), the FeCo/C has the
least resistance to charge transfer at the same overpotential, which
is consistent with its superior charge transfer activity and smaller
Tafel slope. To investigate the working stability of the
electrocatalysts, chronoamperometry of the FeCo@CoNx@FePx/C
and IrO, was performed over 10 h and higher current response
and stability of the present sample than IrO, can be seen (Fig.
S10(a) in the ESM). The good stability of the
FeCo@CoNx@FePx/C is likely due to the coverage of the surface
graphene multilayers on the metal active species which were
formed in the annealing step. Note that the periodic current
fluctuation of the FeCo@CoNx@FePx/C catalyst is caused by the
continuous growth and release of oxygen bubbles on the catalyst
surface [55]. Figure S10(b) and Table S3 in the ESM summarize
the OER performance of the electrocatalysts in recent reports. It
can be found that the as-prepared three FeCo based
electrocatalysts exhibit efficient OER superior to most of carbon-
supported FeCo electrocatalysts reported to date.

The electrocatalytic ability of the FeCo/C, FeCo@MNx/C,
FeCo@CoNx@FePx/C, and Pt/C towards ORR was further
evaluated via LSV measurement at the scan rate of 10 mV-s* and
rotating speed of 1,600 rap-min™. As shown in Figs. 5(a) and 5(b),
the FeCo/C without CVD treatment behaves less efficient (E,, =
0.80 V) for ORR than the commercial Pt/C (E,,, = 0.83 V), whilst
after doping with nitrogen via CVD the ORR activity of the
FeCo@MNx/C (E,, = 083 V) is significantly improved and
becomes comparable to the Pt/C. Comparing with FeCo/C,
FeCo@MNXx/C, and Pt/C, the FeCo@CoNx@FePx/C exhibits the
best ORR performance with the highest halfwave potential E,;, of
0.86 V and the smallest Tafel slope of 98 mV-dec™, as shown in
Fig. 5(c). The enhanced ORR activity after CVD of phosphorus

1% £ % it
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further confirms the construction of FePx/CNTs plays a key role
in the oxygen electrocatalysis.

In addition, by using rotating disk electrode system, the number
of electron transfer for FeCo@CoNx@FePx/C was determined to
be 3.68-3.74 within 0.1-0.6 V (Fig. 5(d)), which indicates the four-
electron transfer of ORR on FeCo@CoNx@FePx/C. This is
consistent with the result of the variable rotating speed study in
LSV (Fig. 5(e)). At the same time, the yield of H,0, is much lower
than that of Pt/C. More importantly, the FeCo@CoNx@FePx/C
electrocatalyst also exhibits outstanding stability with only 3% and
6% decay of its current density after 10 and 20 h of
chronoamperometry test, while that of the Pt/C decayed 26% in
10 h (Fig. 5(f)). As shown in Fig. 5(g) and Table S4 in the ESM,
the FeCo@CoNx@FePx/C exhibits outstanding ORR performance
superior to most of the carbon supported FeCo electrocatalysts.

The importance of constructing strategy of the metal
compound active species on their electrocatalytic ability was
evidenced by conducting the comparison experiments (Fig. S11 in
the ESM). Finally, the bifunctional performance of the
FeCo@CoNx@FePx/C in oxygen electrocatalysis was evaluated
and the results are shown in Fig. 5(h) and Table S5 in the ESM. It
is found that the present FeCo@CoNx@FePx/C ranks top of the
reported FeCo based electrocatalysts. Note that the content of
metals in FeCo@CoNx@FePx/C was determined to be only
3.77 wt.% (2.74 wt.% of Fe and 1.03 wt.% of Co, Table S6 in the
ESM) by ICP-OES, demonstrating that the proposed strategy for
progressively constructing active species on defect-rich and porous
carbon substrate enables the development of highly efficient and
stable bifunctional oxygen electrocatalysts.

3.3 Rechargeable zinc-air battery performance

To demonstrate ~ potential  applications of  the
FeCo@CoNx@FePx/C sample in practical energy devices, we
separately  constructed  rechargeable = ZAB  with  the
FeCo@CoNx@FePx/C and commercial Pt/C-IrO, loaded carbon
cloth as air cathode electrocatalysts. 6.0 M KOH and 02 M
Zn(OAc), aqueous solutions were used as electrolytes, and Zn
sheets as anodes (Fig. 6(a)). Figure 6(b) shows that the maximum
power density of FeCo@CoNx@FePx/C-based ZAB reaches
110 mW-cm™, which is higher than Pt/C-IrO, (104 mW-cm™) and
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Figure5 (a) LSV curves of ORR in O,-saturated 0.1 M KOH solution. (b) Half-wave potential E,;, of different electrocatalysts and limiting current density (J,) at
0.75 V vs. RHE. (c) Tafel plots of ORR. (d) Number of electron transfer and H,O, yield. (¢) LSV and koutecky-levich (k) curves of FeCo@CoNx@FePx/C catalyst at
different rotating speed. (f) Current-time curves of FeCo@CoNx@FePx/C and Pt/C at 0.5 V vs. RHE. (g) Comparison of ORR performance with literature. (h)

Comparison of ORR/OER performance with literature.
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Figure 6 (a) Schematic of rechargeable Zn-air battery configuration. (b) Polarization curves and specific power density curves. (c) Rate performance, discharge voltage
at different current densities. (d) Photograph of all-solid-state ZAB displaying a measured open-circuit voltage of 1.456 V. (e) Cyclic stability of FeCo@CoNx@FePx/C-
based ZAB at 20 mA-cm™. Insets show the initial charging/discharging curves and those after long-time cycling test. (f) Charge/discharge cycling of a rechargeable ZAB
based on FeCo@CoNx@FePx/C and Pt/C-IrO, at 20 mA-cm™

most non-precious metal electrocatalysts [56]. More importantly,
the corresponding specific mass power density is as high as
11.7 W-mgy,* (Fig.S12 in the ESM). In addition, a constant
current discharge test (Fig. 6(c)) under different current densities
of 10-50 mA-cm™ was carried out and FeCo@CoNx@FePx/C

exhibited high discharge voltage at each current density,
suggesting good high-rate performance. The high open circuit
potential of the ZAB is obtained as 1.456 V (Fig. 6(d)), higher than
most non-precious metal electrocatalysts [57,58]. Furthermore,
the assembled ZAB showed a low voltage gap (AE) of 0.69 V at
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20 mA-cm” corresponding to a round-trip efficiency
(Egischarge/ Echarge) Of 65% and stabilized for 700 charge-discharge
cycles (Fig. 6(e)). This high energy efficiency far exceeds most of
the Zn-air batteries studied so far [7]. At the same time, the
FeCo@CoNx@FePx/C-based ZAB was repeatedly cycled at
20 mA-cm™ and stabilized for a total of 175 h (Fig. 6(f)), while the
battery with Pt/C-IrO,-based ZAB underwent gradual
degeneration within 90 h. It is hence demonstrated that the
FeCo@CoNx@FePx/C catalyst assembled Zn-air batteries have
superior efficiency and cycling stability than that of Pt/C-IrO,
noble metal catalyst and most non-precious metal electrocatalysts
(Table S7 in the ESM).

4 Conclusions

In summary, the electrospinning technique and CVD method
were combined to prepare bifunctional oxygen electrocatalysts by
constructing multiple active species on the high-defect and porous
graphited carbon fiber substrate. The FeCo nanoparticles with
high content of MOH/MOOH active sites for OER on the porous
carbon fiber were constructed by the initial electrospinning and
annealing treatment. The next CVD of nitrogen leads to the
formation of MNx in carbon matrix, which boosts the ORR
activity. Further phosphatization under PH; flow produces the
FePx nanoparticles embedded in carbon nanotubes which further
improves the bifunctionality of the electrocatalyst. Meanwhile, the
graphited CNTs/carbon fiber hierarchical architecture not only
stabilized the active centers and increased the conductivity but also
significantly maximized the exposure of the active center and
boosted the mass transport. As a result, the constructed
FeCo@CoNx@FePx/C  exhibited  superior  bifunctional
electrocatalytic activity and stability to the commercial Pt/C in
ORR and IrO, in OER. Besides, the FeCo@CoNx@FePx/C
assembled ZAB showed a high open circuit voltage, large power
density, and excellent cycling stability. This work provides pivotal
implications on designing advanced bifunctional electrocatalyst for
developing high-performance clean energy facilities.
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