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H I G H L I G H T S

• A tri-functional electrocatalyst is pre-
pared by an electrospinning method.

• FeP and Fe3O4 nanoparticles are em-
bedded in N,P-doped microporous
carbon nanofibers.

• It shows high performance for oxygen
reduction, hydrogen/oxygen evolu-
tion reactions.

• Active species in electrocatalysts to-
ward electrocatalytic reactions are re-
vealed.

• The disposable zinc-air battery with
the as-made catalyst shows high
power density.
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A B S T R A C T

Developing cheap, efficient and stable tri-functional catalysts can reduce the producing process of catalysts for
different electrochemical energy conversion devices, therefore being important to their commercialization. In
light of this, we firstly report an advanced catalyst with both FeP and Fe3O4 nanoparticles embedded in N,P-
doped microporous carbon nanofibers obtained by electrospinning. The resultant catalyst exhibits robust cata-
lytic activities towards oxygen reduction reaction, hydrogen evolution reaction and oxygen evolution reaction,
all of which surpass or are comparable to previously reported tri-functional catalysts. The Fe3O4 nanoparticles
and N-doped carbon are the main active species toward oxygen reduction reaction and oxygen evolution re-
action, while FeP nanoparticles remarkably promote the hydrogen evolution reaction. The catalyst also shows
excellent oxygen reduction stability due to the unique nanoparticle-embedded microporous carbon nanofibers
structure. Furthermore, the obtained tri-functional catalyst is also applied in a disposable zinc-air battery,
showing good performance. This work offers an effective method to construct a tri-functional catalyst in elec-
trochemical energy devices.
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1. Introduction

To reduce the environmental pollution and the reliance on fossil
fuels, many efforts have been devoted to developing eco-friendly energy
conversion devices, such as water electrolyser and fuel cell. Oxygen
reduction reaction (ORR) is the most important electrochemical reac-
tion in fuel cells and metal-air batteries, while hydrogen evolution re-
action (HER, 2H+ + 2e− → H2), oxygen evolution reaction (OER,
2H2O ⟶ 4e− + 4H+ + O2) are two main reactions in the water
splitting process [1,2]. However, in fuel cells and zinc-air batteries
(2Zn + O2 → 2ZnO) both ORR and OER are kinetically sluggish, and
often need to be catalyzed by precious metals (e.g. Pt, Ir or Ru) [1,2].
Even though the precious metal-based catalysts have prominent elec-
trochemical activity, their high cost, poor durability greatly limit the
commercialization of energy conversion devices. Besides, different
precious metal catalysts only work with certain reactions. For instance,
Ir and Ru are only capable of catalyzing OER while Pt only work well
with ORR and HER. Such selectivity adds extra processes to the fabri-
cation of various catalysts for energy conversion devices. Therefore, a
low-cost and non-selective (i.e. multi-functional) catalyst, as the sub-
stitution of precious metal-based catalysts, is needed urgently.

For such purpose, many non-noble metals-based electrocatalysts
have been widely studied. Among non-noble metals, iron received ex-
ceptional attention due to abundant sources and high activities of its
derived catalysts (especially Fe-N-C catalysts) towards ORR, OER or
HER [3,4]. For example, iron oxides [5,6], nitrides [7] or hydroxides
[8,9] combined with N-doped carbon are active to ORR or OER, while
iron phosphides or iron doped transition metal phosphides usually
show high HER activity [10–12]. On the other hand, encapsulating iron
compounds in fibrous, tubular or spherical nanoscale carbon shells can
usually lead to better ORR activity and stability [2,13]. This is because
the synergistic effect between inner metal species and outer carbon
shell increases the overall electrochemical activity of the catalyst. Also,
the carbon shell is able to protect the inner metal species from fast
corrosion by electrolyte, and therefore improve the stability of the
catalyst [14,15].

Electrospinning technique is a well controllable method for gen-
erating such core-shell-like structure nanofibers. Based on this tech-
nique, it is easy to obtain the nanoparticles-embedded carbon nanofi-
bers with different porosity and containing different metal species by
adjusting the electrospinning solution and pyrolysis ways [16–18].
After heteroatom-doping, the carbon shells turn to be active and can be
used to confine the iron-based nanoparticles as well as activate the iron-
based electrocatalysts [13,16,19]. Up to now, several Fe-based bifunc-
tional electrochemical catalysts toward ORR/OER [20], ORR/HER [16]
or OER/HER [21] have been reported. However, the tri-functional
catalysts with good ORR, HER and OER activities are still rarely re-
ported, although they are promising for reducing the complexity and
cost of electrochemical energy conversion devices.

Herein, the N,P-doped carbon nanofiber encapsulated Fe3O4 and
FeP nanoparticles are firstly prepared and used as tri-functional catalyst
toward ORR, OER and HER. The as-made catalyst exhibits prominent
ORR performance over commercial Pt catalysts, excellent HER and OER
catalytic activities. It is found that, Fe3O4 and N-doped carbon are main
active species for ORR and OER, while FeP remarkably improve the
HER activity in both acid and basic solutions. The obtained tri-func-
tional catalyst is also applied in zinc-air batteries. The maximum power
density of zinc-air battery with FeCNFs-NP electrode is as high as
97mW cm−2.

2. Results and discussion

2.1. Structure properties

As depicted in Fig. 1, the catalyst was prepared by a three-step
method. First, the electrospinning technique was used to fabricate

PAN/Fe carbon nanofibers (CNFs). Then, N-doped CNFs containing
Fe3O4 nanoparticles (FeCNFs-N) were obtained through oxidative sta-
bilization [22] at 240 °C followed by a carbonization process at 800 °C.
FeCNFs-N was subsequently annealed in N2 in the presence of NaH2PO2

at 350 °C to transform some of Fe3O4 into FeP nanoparticles via the
phosphating reaction. Then the final product FeCNFs-NP was gained.

Fig. 2a exhibits the XRD spectra of FePAN-O, FeCNFs-N and FeCNFs-
NP. For FePAN-O (black line), the broad peak displayed at around 26°
can be ascribed to amorphous carbon, suggesting the absence of crys-
tallization during the oxidative stabilization process. After carboniza-
tion, all the sharp diffraction peaks emerged in pattern of FeCNFs-N
(blue line) can be ascribed to Fe3O4 [5]. The three new peaks for
FeCNFs-NP (red line) are corresponding to (011) (121) (211) planes of
FeP, indicating successful transformation of partial Fe3O4 to FeP during
the phosphating process [11,23]. The fitting result of XRD pattern of
FeCNFs-NP (Fig. S1) further shows that the peak area ratio of Fe3O4 to
carbon is 0.5379, and FeP to carbon is 0.1145, suggesting the higher
content of Fe3O4 in the catalyst.

To investigate the graphitization degree of FeCNFs-N and FeCNFs-
NP, Raman measurements were conducted. As illustrated in Fig. 2b, the
intensity of peak located at ca. 1360 cm−1 (ID) relates to the vibrations
of the sp3 carbon atoms of defects and disorder, while the intensity of
the peak located at ca. 1590 cm−1 (IG) results from the crystallinity of
sp2 carbon materials [24]. The ratios of ID to IG of FeCNFs-N and
FeCNFs-NP are 0.925 and 0.92, respectively, indicating the negligible
effect of the P-doping process on graphitization degree of the samples.
Fig. 2c displays the BET results of FeCNFs-NP and Fesol-NP. It is found
that the sample synthesized through the electrospinning method
(FeCNFs-NP) has the specific surface area (SSA) as high as
288.8 m2 g−1, which is twice larger than the sample prepared through
the solvent evaporation method (Fesol-NP, SSA=143.2 m2 g−1). The
pore size distribution (inset of Fig. 2c) exhibits that Fesol-NP has a wide
peak at 0.61 nm while FeCNFs-NP has a much stronger peak at a similar
position (0.67 nm), indicating a more uniform microporous structure of
FeCNFs-NP. Such uniform structure and large SSA are beneficial for
reactants to approach the active sites on catalysts, therefore increasing
the electrocatalytic performance of FeCNFs-NP [25]. This result sug-
gests that the nanoparticle-embedded microporous nanofiber structure
derived from the electrospinning method is of great importance.

Morphologies and structures of the catalysts were investigated via
SEM and TEM techniques. As shown in Fig. 3a and b, FePAN-O consists
of randomly oriented amorphous CNFs with smooth surfaces and
average diameters about 150 nm. Fig. 3c and d illustrate the structure of
FeCNFs-NP. It is found that after carbonization and phosphating
treatments, FeCNFs-NP presents a well-defined nanoparticles-em-
bedded nanofiber structure with Fe3O4 and FeP nanocrystals en-
capsulated in the N,P-doped carbon shell. The thickness of N,P-doped
carbon shell is around 6.5 nm (inset of Fig. 3d). The clear lattice fringes
with spacing of 0.2 nm and 0.21 nm in Fig. 3e correspond to the (210)
planes of FeP and (400) facets of Fe3O4, respectively. This result is
consistent with that of XRD. The EDX spectrum (Fig. 3f) in the selected
area (inset of Fig. 3f) of FeCNFs-NP confirms the coexistence of Fe, O, P,
N and C elements. The elemental mapping images (Fig. 3g) further
reveal the uniform distribution of N, P atoms in CNFs and the nano-
particles-embedded structure. For comparison, the SEM and corre-
sponding Fe, C mapping images of Fesol-NP, synthesized with a solution
evaporation method, are also given in Fig. S2a and b, respectively.
Fesol-NP presents an irregular block structure with iron species insert
between carbon matrixes.

In addition to elemental mapping and EDX images, the element
composition and valence states of FeCNFs-NP was also gained from XPS
(Fig. 4a–d). The percentage of each element is displayed in Table S1. As
shown in Fig. 4a, four elements (Fe, N, C and O) exist on the surface of
sample FeCNFs-N, whereas after the phosphating treatment, a new peak
for P element appears (sample FeCNFs-NP), suggesting the successful
doping of P. This result is also consistent with the XRD result. For the

M. Wang et al. Journal of Power Sources 413 (2019) 367–375

368



Fig. 1. Schematic illustration for preparation of FeCNFs-NP.

Fig. 2. (a) XRD patterns of FeCNFs-NP, FeCNFs-N and FePAN-O. (b) Raman spectra of FeCNFs-NP and FeCNFs-N. (c) N2 adsorption/desorption isotherms of FeCNFs-
NP and Fesol-NP.

Fig. 3. (a) SEM and (b) TEM images of FePAN-O. (c) SEM, (d) TEM and (e) HRTEM images of FeCNFs-NP. (f) EDX spectrum of FeCNFs-NP (insert shows the measured
area), (g) corresponding elemental mappings of FeCNFs-NP.
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high-resolution P 2p spectrum (Fig. 4b), the peaks at 129.2 and
130.3 eV correspond to the P 2p3/2 and P 2p1/2 of Fe-P, while the peaks
at 133.0 and 133.9 eV can be assigned to P-C and P-O, respectively
[26]. The formation of P-O is probably due to the unavoidable surface
oxidation of catalyst to air [27]. In the high-resolution Fe 2p region
(Fig. 4c), the peaks at 707.4 and 720.7 eV can be ascribed to Fe 2p3/2
and Fe 2p1/2 of FeP, respectively [28,29], while the peaks at 711.9 and
725.6 eV correspond to iron oxides [6,30]. The additional peak is the
satellite peak of iron oxides [30]. Fig. 4d shows that the N 1s spectrum
has three separated peaks at 398.2, 400.5 and 401.2 eV, corresponding
to pyridinic N (Pyri-N), pyrrolic N (Pyrr-N) and graphitic N (Grap-N),
respectively [31].

2.2. Electrocatalytic activity toward ORR

To illustrate the tri-functional electrochemical performance of
FeCNFs-NP, the ORR activity was firstly studied in alkaline solution. CV
curves of FeCNFs-NP and Pt/C recorded in N2 and O2-saturated 0.1 M
KOH are shown in Figure S3a and b. For FeCNFs-NP, an obvious re-
duction peak appears in O2-saturated electrolyte but is absent in N2-
saturated electrolytes, and the peak centred at −0.098 V vs Ag/AgCl is
14 mV more positive than that of Pt/C, implying better ORR catalytic
activity of FeCNFs-NP.

LSV curves of samples prepared under various conditions are dis-
played in Fig. 5a and Figure S3c. As depicted in Fig. 5a, FeCNFs-NP
possesses the most positive onset potential (E0, 0.017 V) and half wave
potential (E1/2, −0.083V), which are 35mV and 45mV more positive
than that of Pt/C, respectively, demonstrating the excellent ORR ac-
tivity of FeCNFs-NP. For Fesol-NP, its E0 (−0.022 V) is comparable to
that of Pt/C and slightly lower than that of FeCNF-NP, but its E1/2
(−0.27 V) and limited current density are much worse compared to Pt/
C and FeCNFs-NP. This is probably because its primary composition

(Fe,N-doped carbon) is active for ORR, leading to a relatively positive
E0. However, the low surface area and irregular structure of Fesol-NP
hinders the diffusion of reactant from electrolyte to the active sites
inside catalyst, therefore resulting in an insufficient limited current
[25]. This implies the significance of the microporous nanoparticles-
embedded carbon nanofiber structure. To further probe the active
species of ORR in FeCNFs-NP, the LSV curves of other control samples
are studied and shown in Figure S3c. Briefly, the performance of
FeCNFs-N is similar to that of FeCNFs-NP, indicating the phosphating
process exerts few effects on the ORR activity. CNFs-N shows obvious
ORR activity with E0 of −0.145 V and limited current density of
−4mA cm−2, suggesting N-doped carbon is one of the active species
for ORR. Such activity is resulted from the different electronegativity
between N and C atom, which could create positively charged C atoms
that are favorable for O2 adsorption and subsequent reduction processes
[24,32]. Though CNFs-N shows obvious ORR activity, its performance
is much worse than that of FeCNFs-N (E0= 0.0153 V, E1/2=−0.08 V)
which contains not only CNFs-N but also confined Fe3O4 nanocrystals.
This implies the Fe3O4 nanocrystal, in this case, is another active spe-
cies in ORR catalysis and the result is also consistent with previous
work [6,14,33]. However, pure iron compounds, like iron oxides and
nitrides, are normally less active for ORR due to low conductivity or
surface area [34,35]. To prove this, the electrochemical impedance
spectrum (EIS) measurements and corresponding equivalent circuits of
FeCNFs-NP and pure Fe3O4 are also given in Figure S4 a and b, re-
spectively. It is obvious that pure Fe3O4 shows larger semicircle than
FeCNFs-NP, suggesting a higher charge-transfer resistance value of
Fe3O4 [12]. Considering these phenomenon, it is reasonable to deduce
that the dramatically promoted ORR activity of FeCNFs-NP could be
resulted from the synergistic effect between Fe3O4 nanocrystals and
N,P-doped CNFs shells [14,15]. Herein, the carbon shell could improve
the overall conductivity, whereas iron species embedded in carbon

Fig. 4. (a) XPS survey spectra for FeCNFs-NP and FeCNFs-N. XPS spectra in (b) P 2p, (c) Fe 2p, (d) N 1s regions for FeCNFs-NP.
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layers can make surrounding carbon active for ORR, therefore further
improving the ORR activity [36].

Further analysis on the catalytic kinetics of FeCNFs-NP, Pt/C and
Fesol-NP by Tafel plots (Fig. 5b) shows that FeCNFs-NP has lower value
of Tafel slope (η=73 mv/dec) than those of Pt/C (η=76.8 mV/dec)
and Fesol-NP (η=149 mV/dec), suggesting FeCNFs-NP possesses the
faster electron transfer rate and more efficient reactant diffusion [37].
Likewise, the current density of FeCNFs-NP increases proportionally
with the rate of rotations (Fig. 5c), yielding linearly fitted K–L plots
(inset of Fig. 5c) which indicates the first-order reaction kinetics with
respect to the concentration of dissolved oxygen. Based on slopes of K-L
plots, the average electron transfer number (na) of FeCNFs-NP is cal-
culated to be ∼3.9 which nearly matches the theoretical value of Pt/C
(4.0), implying FeCNFs-NP can catalyse the ORR via the 4e− transfer
path in alkaline solution.

In addition, FeCNFs-NP also exhibits superior stability (Fig. 5d)
toward ORR in alkaline solutions. After 13000 s of continuous opera-
tion, 94.7% of current density remains due to the existence of carbon
shell protecting Fe3O4 nanoparticles from losing in electrolyte. Whereas
Pt/C shows a faster current loss, with 91.5% of current density retained
only after 10000 s of continuous operation. The excellent ORR activity
and stability, as well as low cost of FeCNFs-NP make it a potential
substitution of current Pt/C catalysts.

2.3. Electrocatalytic activity toward HER and OER

The catalytic activities of as-made samples toward HER were per-
formed in acid and basic solutions (Fig. 6 and Fig. S5). As shown in
Fig. 6a and b, commercial Pt/C owns the best HER activity in acid so-
lutions with the lowest overpotential at the current density of

10mA cm−2 (η10). Among the as-prepared samples, FeCNFs-NP exhibits
the best performance, with the value of η10 to be 149mV, much lower
than that of FeCNFs-N (η10= 240mV), suggesting FeP generated
during the phosphating process remarkably promotes the HER catalytic
activity and therefore being the main HER active species. Herein,
phosphorus in FeP could act as the proton-acceptor to initiate the HER
and weaken the bond strength between metal and adsorbed hydrogen
[38,39]. Moreover, turnover frequencies (TOFs) of FeCNFs-NP and
FeCNFs-N at the overpotential of 200mV were also calculated. The
detailed calculation process is shown in supplementary information.
The TOF of FeCNFs-NP is 0.072 s−1, which is almost tenfold higher
than that of FeCNFs-N (TOF=0.0079 s−1), implying the much better
HER performance for FeCNFs-NP. Besides, CNFs-NP shows a very high
value of η10, indicating the pure N,P-doped carbon has low HER ac-
tivity. After comparing the performance of FeCNFs-N and CNFs-NP, it
can be deduced that iron oxides are also beneficial to the HER catalysis
by providing the water dissociation sites for HER [9,40]. According to
previous modeling calculation, adding FeOx clusters on FeP (011) sur-
faces leads to increased adsorption energy for water molecule which
means enhanced water affinity [40]. GCE is inactive toward HER,
which proves the activities of other samples are truly reflected. Fig. 6c
shows that the slope of the Tafel plot for the Pt/C is 29 mV/dec, which
is consistent with that expected for the known HER mechanism on Pt
[41]. FeCNFs-NP has Tafel slope of 58 mv/dec, much lower than that of
FeCNFs-N, further proving the outstanding HER activity of FeCNFs-NP.
Besides, FeCNFs-NP also possesses robust stability in acid solutions,
with LSV curve only showing slightly negative shift after 1000 con-
tinuous CV cycles (Fig. 6d). The high stability can be ascribed to the
nanoparticles-embedded nanofiber structure which protects the iron
compounds inside CNFs from fast etching by acid solutions [23]. The

Fig. 5. (a) LSV curves of different samples in O2-saturated 0.1M KOH at 1600 rpm. (b) Tafel plots obtained from the RDE measurements in (a). (c) ORR polarization
curves of FeCNFs-NP at various rotation rates in rpm. (The inset is the corresponding K–L plots at different potentials.) (d) Chronoamperometric (i–t) responses of
FeCNFs-NP and Pt/C at −0.3 V in O2-saturated 0.1M KOH. (The inset is the retained ratio of the current density of FeCNFs-NP and Pt/C.)
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HER activities of such samples in alkaline solutions were also tested
(Figure S5a and b), and they show the same trend as that in acid so-
lutions. The performance order is FeCNFs-NP > FeCNF-N > CNFs-NP.
Although the HER performances of FeCNFs-NP in acid and basic solu-
tions are inferior to commercial Pt/C, they are still comparable to or
better than other previously reported bifunctional or tri-functional
catalysts [42–46]. To the best of our knowledge, there is still no report
on tri-functional catalysts whose HER performance is better than Pt/C.

In addition to HER performance, FeCNFs-NP also exhibits im-
pressive OER activity. As depicted in Fig. 6e, FeCNFs-NP has the onset
potential of 1.56 V vs RHE which is 10mV higher than that of com-
mercial IrO2, suggesting the excellent OER activity of FeCNFs-NP.
FeCNFs-N shows a similar onset potential to FeCNFs-NP, but a lower
current density when the potential is over 1.62 V vs RHE, implying that
FeP is beneficial for the catalysis of OER at higher potential. CNFs-NP
displays certain OER activity compared to bare GCE, however, its onset
potential (> 1.8 V vs RHE) is much higher than those of FeCNFs-N and
FeCNFs-NP, both of which mainly containing Fe3O4 nanocrystals.

Therefore, it is reasonable to conclude that both Fe3O4 and N,P-doped
carbon are active species for OER and promote the OER activity, which
also have been verified by many other studies [5,47–49]. Specifically,
carbon atoms bonding with N will be positively charged and adsorb the
OH− and accelerate the electron transfer between catalyst surfaces and
reaction intermediates, therefore increasing the OER activity [48].
Whereas, Fe3O4 with a reverse spinel crystal structure is good for
electron transportation between Fe3+ and Fe2+ ions [34], and can di-
rectly provide lattice oxygen as one of the sources of generated O2

during OER, thus promoting OER catalysis [49]. The tafel slope of
FeCNFs-NP (90 mV/dec) is the lowest among all samples (Fig. 6f),
suggesting a quicker kinetic process of FeCNFs-NP compared to IrO2

and other control samples. The OER stability of FeCNFs-NP was also
tested and shown in Figure S5c. The onset potential of FeCNFs-NP
displays a positive shift after 500 continuous CV cycles, which probably
due to the oxidation of carbon support [50]. Finally, the CV curve of
FeCNFs-NP scanned in whole potential range from HER to OER (Fig. S6)
once again proves the good catalytic activity of FeCNFs-NP as advanced

Fig. 6. (a) Comparative HER polarization curves in 0.5M H2SO4 with a scan rate of 2mV s−1, (b) Corresponding η10 and (c) Corresponding HER Tafel plots. (d)
Initial and 1000th cycle HER polarization curves of FeCNFs-NP in 0.5M H2SO4. (e) Comparative OER polarization curves in 1M KOH and (f) Corresponding OER
Tafel plots.
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tri-functional catalyst.

2.4. Application in zinc-air batteries

In addition, the potential application of FeCNFs-NP catalyst in dis-
posable zinc-air batteries was also investigated (Fig. 7). A home-made
two-electrode disposable zinc–air battery was fabricated according to
Fig. 7a. In this battery, when the cathode is exposed to air, O2 can reach
cathode and is reduced to OH− (ORR process) by the catalyst. Then the
formed OH− ions travel to anode (Zn foil) and combine with Zn to form
Zn(OH)42−. Subsequently, the electrons are released to produce the
voltage. The Zn(OH)42− finally decomposes into ZnO and water which
goes back to electrolyte. Fig. 7b shows the discharge polarization curve
of the battery with an open circuit voltage as high as ≈ 1.4 V. The
maximum power density of zinc-air battery with FeCNFs-NP electrode
is 97mW cm−2, which is comparable to many other catalysts [4,51].
Besides, the zinc-air battery made with FeCNFs-NP is also very stable.
When galvanostatically discharged at 2mA cm−2 or 20mA cm−2, no
obvious voltage drop is observed (Fig. 7c) owing to the stable structure
of FeCNFs-NP [52].

3. Conclusions

In conclusion, Fe3O4 and FeP nanoparticles embedded in N,P-doped
carbon nanofibers were successfully synthesized via electrospinning,
carbonization and phosphating processes. This novel catalyst exhibited
excellent tri-functional catalytic activity toward ORR, HER and OER.
Herein, the microporous nanoparticles-embedded nanofiber structure
provided easy and fast mass transport pathways and protection against
the electrolyte erosion, therefore promoting the ORR activity as well as
stabilities. Fe3O4 and N,P-doped carbon were found to play important
roles in catalysis of ORR and OER, and beneficial to HER catalysis,
while FeP, as the main HER active species in catalysts, remarkably
boosted the HER activity. Besides, the synergistic effect exists between
N,P-doped carbon shells and encapsulated Fe3O4/FeP nanocrystals,
leading to much better electrochemical performance of FeCNFs-NP than
that of bare N,P-doped carbon shells. Interestingly, the catalyst also
showed robust performance when used in disposable zin-air batteries.
Our work provides an effective method to synthesize the tri-functional
electrochemical catalyst which is promising to be widely applied in
electrochemical conversion devices.

4. Material and methods

4.1. Chemicals

Polyacrylonitrile (PAN, Mw=150,000 gmol−1), N,N-di-
methylformamide (DMF, ≥ 99.5%), iron(III) acetylacetonate (Fe
(acac)3, 98%) were purchased from Macklin Reagent (Shanghai,

China). Urea, NaH2PO2, H2SO4, KOH were purchased from Shanghai
Lingfeng Chemical Reagent Co., LTD (China). The deionized water (DI
water, R= 18.2MΩ) used in all experiments was purified through a
Millipore system.

4.2. Synthetic procedures

First, Fe/PAN NFs were fabricated by electrospinning. Specifically,
PAN was dissolved in 10mL DMF at room temperature with the con-
centration of 8%. Then 1 g Fe(acac)3 was added into PAN solution, and
the mixture was stirred at room temperature for 12 h to attain homo-
geneous precursor solution. This solution was loaded into a plastic
syringe with a stainless-steel needle connected to high voltage of 12 kV.
A piece of aluminum foil was placed 15 cm in front of the needle to
collect the Fe/PAN NFs. Second, the Fe/PAN NFs were stabilized in
quartz tube furnace under air atmosphere at 240 °C for 6 h with a
heating rate (HR) of 5 °C/min. In this process, thermoplastic PAN was
converted to a non-plastic cyclic or ladder compound [53], with the
colour of nanofibers turned from orange to brown. The obtained pro-
duct is marked as FePAN-O. Third, for preparing the FeCNFs-N, 150mg
FePAN-O and 3 g urea were put into separate porcelain boats with urea
at upstream side of the furnace and heated at 800 °C (HR 5 °C/min) for
2 h under N2 atmosphere, after that its colour turned to black. Finally,
the phosphating process was conducted by annealing FeCNFs-N and
NaH2PO2 at 350 °C (HR 5 °C/min) for 1 h under N2 atmosphere, with
NaH2PO2 in another porcelain boats at the upstream side of furnace.
The weight ratio for FeCNFs-N and NaH2PO2 is 1:3. The final product
was denoted by FeCNFs-NP. To study the mechanism of activity of
catalysts, control samples are also prepared. CNFs-N and CNFs-NP were
made under the same conditions as FeCNFs-N and FeCNFs-NP, respec-
tively, only without adding iron salts. Fesol-NP was synthesized by
directly evaporating the solvent of precursor solution under 50 °C
without using electrospinning method, but with the same experimental
conditions as FeCNFs-NP.
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Fig. 7. (a) Schematic illustration of the two-electrode disposable zinc–air battery. (b) Polarization curve (V-i) and corresponding power density plots. (c) long-time
discharge curve of the zinc-air battery with FeCNFs-NP as the electrode catalyst.
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