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ABSTRACT: The construction of multiple heteroatom-doped porous carbon with unique . — T
nanoarchitectures and abundant heteroatom active sites is promising for reversible oxygen- =%
involving electrocatalysis. However, most of the synthetic methods required the use of £
templates to construct precisely designed nanostructured carbon. Herein, we introduced an
ultrasound-triggered route for the synthesis of a piperazine-containing covalent triazine
framework (P-CTF). The ultrasonic energy triggered both the polycondensation of
monomers and the assembly into a nano ower-shaped morphology without utilizing any
templates. Subsequent carbonization of P-CTF led to the formation of nitrogen,
phosphorus, and uorine tri-doped porous carbon (NPF@CNFs) with a well-maintained
nano ower morphology. The resultant NPF@CNFs showed high electrocatalytic activity
and stability toward bifunctional electrolysis, which was better than the commercial Pt/C
and 1rO, electrocatalysts toward oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER), respectively. As a further demonstration, employing NPF@CNFs as air
electrode materials resulted in an excellent performance of liquid-state and solid-state Zn-
air batteries, showing great potentials of the obtained multiple heteroatom-doped porous carbon electrocatalysts for wearable
electronics.
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atom’ ° or electron-de cient boron/ uorine atoms*®** could

convert electroneutral carbon into metal-free electrocatalyst by
introducing abundant defects and large charge polarization,
and these codoping atoms could further improve their OER/
ORR reactivity.”> ** In addition, multi-doped species could
synergistically generate unique electronic properties and
further enhance the electrocatalytic activities.™> Over the last

1. INTRODUCTION

Rechargeable zinc air (Zn-air) batteries have gained consid-
erable research and industrial attention owing to their low cost,
high energy density, environmental friendliness, and so on.* In
particular, exible solid-state Zn-air batteries featuring safety,

exibility, and convenience are favorable candidates for
implantable and wearable electronics.> However, their wide-

spread applications are heavily hindered by the sluggish
kinetics of the cathodic oxygen reduction/evolution reaction
(ORR/OER) during the discharging and charging process.
Noble metal-containing catalysts (i.e., Pt/C, IrO,, RuO, and
so forth.) are the state-of-the-art species toward these sluggish
oxygen-involved reactions in air electrodes.” However, the
scarcity and instability of noble metal-containing catalysts
severely limit their large-scale applications, and the single
functionality of ORR and OER is di cult to realize
rechargeability.” Therefore, it is of great signi cance to
construct inexpensive and highly active electrocatalysts
possessing excellent stability and bifunctionality to substitute
the aforementioned noble metal-based species.
Heteroatom-doped carbon materials are competitive candi-
dates of ORR/OER hifunctional electrocatalysts because of
their features of low cost, high chemical stability, tunable
porous architecture, and controllable heteroatom active sites.®
Doping with either electron-rich nitrogen/sulfur/phosphor
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decade, mono-doped, dual-doped, and even tri-doped carbon
electrocatalysts in various forms were engineered, and they
exhibited superior electrocatalytic performance for ORR and
OER.*® * To our best knowledge, previous studies usually
focused on exploiting versatile heteroatom-abundant precur-
sors and doping methods.® Despite momentous progress, the
construction of innovative carbon nanomaterials for e cient
multifunctional electrocatalysis is still challenging.* Most of
the current studies focus on the design of precursors and
doping strategies while ignoring the construction of heter-
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oatom-doped carbon with rationally designed nanostructures;
however, these nanostructures might have crucial impact on
their electrocatalytic performance.”? As a unique three-
dimensional (3D) morphology, the ower-shaped nano-
architecture featuring special properties has demonstrated
enhanced performance for electrocatalysis recently.”® “° These
unique open structures that consist of interconnected 2D
nanosheets o er a large accessible surface area and more
exposed functionalized sites, while the extended nanopetals
interlace each other to ensure interfacial rapid ion di usion and
charge transport.>> However, few methods have been reported
to prepare carbon nano owers in terms of tedious procedures
for synthesizing precursors.”> Therefore, a controllable and
e cient method to create functional carbon nano owers is
highly desirable.

Covalent triazine frameworks (CTFs) are a class of
promising polymer precursors for preparing heteroatom-
doped carbons in terms of their intrinsic rich heteroatoms
and abundant pore structures.”® 2 Compared with metal
organic frameworks (MOFs), the CTFs exhibited a higher
thermal/chemical stability, providing a promising opportunity
for the design of functional porous carbon materials. In recent
years, di erent nanostructured heteroatom-doped carbons
derived from CTFs (carbon nanospheres,*® 3! carbon nano-
tubes,®” carbon nanosheets®* and so forth) have been
rationally synthesized, and they exhibit a decent electro-
catalytic activity for various electrochemical reaction.** * 3D
polymer nano owers possess high structural stability, which
can signi cantly improve their carbonization yields.*” Ultra-
sonic irradiation in the bulk solution gives rise to a new
assembly mechanism for nanostructured polymers with various
morphologies.*® *° Therefore, the controllable synthesis of
CTF-derived 3D heteroatom-doped porous carbon nano-

owers via ultrasonic synthesis is highly desired yet
challenging.

Herein, we aim at introducing an ultrasound-triggered
method for the construction of nitrogen, phosphorus, uorine
tri-doped porous carbons nano owers (NPF@CNFs). Trig-
gered by ultrasound at room temperature, a piperazine-
containing covalent triazine framework (P-CTF) was formed
as the nanosheets and directly assembled into the shape of
nano owers. Subsequent carbonization of P-CTF led to the in-
situ formation of NPF@CNFs. The unique structural proper-
ties endowed the NPF@CNF-800 with outstanding bifunc-
tional activities in the half-wave potential (E;;,) of 0.85 V
versus reversible hydrogen electrode (vs RHE) toward ORR
and overpotential at 10 mA cm 2 ( 330 mV) toward OER,
respectively, which signi cantly outperformed the commercial
electrocatalysts. As a demonstration, both liquid-state and
solid-state rechargeable Zn-air batteries using the NPF@CNF-
800 as air electrodes delivered decent peak power density and
excellent cycling stability.

2. EXPERIMENTAL METHODS

2.1. Synthesis of P-CTFs. The P-CTF nano ower was prepared
by ultrasound-induced polycondensation with the monomers of
cyanuric chloride and piperazine, and meanwhile, triethylamine
(TEA) solution was used as an acid-binding agent. Typically, 2.20 g
of cyanuric chloride and 1.59 g of piperazine were dissolved in 200
mL of tetrahydrofuran (THF) to form a clear and uniform solution.
After stirring for 2 min, 5.0 mL of TEA was added, and the above
solution was kept under ultrasound conditions (200 W, 80 kHz) at
room temperature for 4 h. After that, the resultant white precipitate
denoted as P-CTF was Itered and washed with excess THF, acetone,

ethanol, and water several times, and nally dried in vacuum at 80 °C
overnight.

2.2. Synthesis of NPF@CNF-T. P-CTF (1.0 g) and 0.2 g of
NH4PFg salt were together placed in a corundum crucible and
pyrolyzed at T °C (T = 700, 800, and 900) for 2 h in an Ar
atmosphere at a ow rate of 50 mL min %, with a heating rate of 5 °C
min ! to obtain the NPF@CNF-Ts samples. After cooling to room
temperature naturally, the as-obtained black powders were washed
with water to remove the inactive and unstable components and then
dried at 60 °C overnight. For comparison, 1.0 g of the P-CTF sample
was also pyrolyzed by similar carbonization procedures, but without
the NH,PFg salt, which was named CNF-800.

3. RESULTS AND DISCUSSION

The preparation procedure of NPF@CNFs is illustrated in
Scheme 1. Typically, the P-CTF nano owers assembled from

Scheme 1. Procedures of Ultrasound-Triggered Assembly of
P-CTF Nano owers for Synthesizing NPF@CNFs

Ultrasound-induced .
Polycondensation Pyrolysis

. e
2 ’# Self-assembly N,P,F-codoping

NPF@CNF

nanosheets were synthesized via ultrasound-triggered poly-
condensation and assembly. Polycondensation was completed
rapidly under ultrasound radiation, and the resulting CTF
nanosheets were assembled into 3D nano owers in a short
time. Subsequent carbonization of these P-CTF nano owers at
the predesigned temperatures (700, 800, 900 °C) in the
presence of NH,PF; salt yielded uniform NPF@CNFs with
abundant heteroatom active sites. The resultant products were
denoted as NPF@CNF-700, NPF@CNF-800, NPF@CNF-
900, respectively. A similar annealing procedure was conducted
to fabricate P, F-free carbon nano owers (CNF-800).

The P-CTF nano ower was rst characterized by the CP-
MAS 3C nuclear magnetic resonance (NMR) measurements.
Figure S1 showed peaks at 43.8 and 163.3 ppm, which are
assigned to the carbon signal in piperazine and triazine rings,
respectively.*>** This result indicated the successful formation
of P-CTF nano owers via condensation polymerization. The
Fourier-transform infrared spectrum (FT-IR) of P-CTF
(Figure S2) showed signals at 1520, 1440, and 1300 cm 1,
indicating the existence of triazine structures in the P-CTF
framework.”® In addition, the disappearance of the character-
istic peak located at 850 cm * suggested the vanishing of C ClI
bonds, demonstrating that the P-CTF nano owers are
integrated by covalent linking.** The X-ray di raction
(XRD) pattern demonstrated that the resulting P-CTF
nano owers possessed certain ordered frameworks (Figure
$3).* Thermogravimetric analysis (TGA) indicated that the
P-CTF nano owers exhibited high thermal stability owing to
the strong covalent-linked structures (Figure S4).*° Mean-
while, the nal weight of the P-CTF nano ower remained as

25 wt % even up to 800 °C, con rming it is a promising
polymer precursor for preparing functional heteroatom-doped
nanocarbons. The thermal stability of the ultrasound-
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synthesized CTF nano owers is much higher than the
traditional synthetic method reported in our previous work,*’
indicating the great advantage of ultrasound synthesis. The
nitrogen (N,) adsorption/desorption and pore size distribu-
tion characteristics of the P-CTF nano ower suggested that
abundant micropores and mesopores were presented in the
nano ower framework (Figure S5).

Scanning electron microscopy (SEM) images of the P-CTF
(Figure 1la, Figure S6a) presented a typical ower-like

Figure 1. (a) SEM image of P-CTF nano owers, (b) SEM, (c) TEM,
(d) HR-TEM images of NPF@CNF-800, and (¢) STEM EDS and
elemental mappings of NPF@CNF-800 for C, N, P, and F elements.

morphology assembled from tightly connected nanosheets.
This is due to the unique ultrasonic-assembly method, which is
usually impossible using other traditional methods.*’” After
pyrolysis, the ower-shaped morphology with ne nanopetals
was well preserved (Figure 1b, Figure S6b), which is probably
attributed to the stable reticular covalent texture in the P-CTF
framework. The ower-like morphology could expose more
active sites and form a well 3D conductive network, which was
in favor of high-performance electrocatalytic activity.”®
Compared with the P-CTF precursor, the optimal NPF@
CNF-800 showed a more rough surface owing to thermal
shrinking caused by weight loss during carbonization.*®
Meanwhile, the morphology of NPF@CNF-800 was further

evaluated using transmission electron microscopy (TEM)
images, and a large number of lamellar architectures are
presented in Figure 1c. The high-resolution TEM (HRTEM)
image manifested that NPF@CNF-800 exhibited no obvious
ordered carbon lattice fringes, suggesting that rich defects and
amorphous structures existed. A large number of white dots are
shown in Figure 1d to demonstrate the existence of micropores
in the NPF@CNF-800.*" The existence of these micropores
facilitates the in ltration of the corresponding electrolyte,
further enhancing the electrocatalytic activity.*® Additionally,
the N, P, and F atoms were homogeneously dispersed in the
whole ower skeleton after pyrolysis, which was evidenced by
energy-dispersive X-ray spectroscopy (EDS) mapping, as
shown in Figure le. It could be demonstrated that the
multiple heteroatom-embedded carbons with a nano ower
structure was successfully prepared. The pyrolytic temperature
also exhibited an important e ect on the electrocatalytic
performance of as-obtained catalysts. At 700 °C, the ower-
shaped structure was well maintained (Figure S7ab), but the
lower graphitization degree compared to NPF@CNF-800
resulted in poor conductivity (Table S1). However, the ower-
like morphology was collapsed at a high temperature of 900 °C
(Figure S7c,d), leading to a serious aggregation of the active
sites. Hence, an appropriate pyrolysis temperature (800 °C)
could not only preserve the well-de ned ower-like morphol-
ogy but also guarantee the electron/ion conduction and active
center exposure during ORR and OER.?®

The porous feature of the as-prepared NPF@CNFs was
further measured via N, adsorption desorption isotherms, as
displayed in Figure 2a. All the P-CTF derived catalysts
presented an obvious type-H, isotherm with a rapid increase of
nitrogen absorption at both high and low pressure,
demonstrating the coexistence of micropores and mesopores.”
Applying these plots, the calculated Brunauer Emmett Teller
(BET) speci ¢ surface area of NPF@CNF-800 was 533.3 m?
g %, which was higher than that of other NPF@CNFs (Table
1). Ascribing to both the high speci ¢ surface area and
hierarchical pore structure, favorable mass transfer could be

(a) - NPF@CNF-700 (b) o NPF@CNF-700 (c) — NPF@CNF-700
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Figure 2. (a) Nitrogen adsorption/desorption isotherms, (b) pore size distributions of NPF@CNFs and CNF-800, (¢) Raman spectra of NPF@
CNFs and CNF-800, high-resolution (d) N 1s, (¢) P 2p, and (f) F 1 s XPS spectra of NPF@CNF-800.
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Table 1. Summary of the BET Surface Area and Pore
Volume for P-CTF, NPF@CNFs, and CNF-800 Samples

BET micropore mesopore total pore

surface area volume volume volume

samples [m?g 4 [mLg 4 [mLg 4 [mLg 4
P-CTF 129.9 0.057 0.021 0.078
NPF@CNF-700 3186 0.132 0.097 0.229
NPF@CNF-800 5333 0.215 0.134 0.349
NPF@CNF-900 4035 0.167 0.188 0.355
CNF-800 365.8 0.143 0.174 0.317

expected during the ORR/OER electrocatalytic process.”® The
pore size distribution (Figure 2b) also veri ed the existence of
abundant micropores in NPF@CNF-800, which is in good
consistency with the TEM results (Figure 1d). The hierarchical
porosity exposed the heteroatom active surface and eXJJedlted
the mass transport during the electrocatalytic process.

The abundant hierarchical porous structures re ected
relatively more defects in the NPF@CNFs.”> Raman spectra
in Figure 2c o er this helpful information, where the D
( 1340 cm ) and G ( 1580 cm 1) bands belong to defects
and ordered graphitic areas, respectively.”® Multiple heter-
oatom-doped carbons can induce plentiful defects as ORR/
OER electrocatalytic active centers, which was con rmed by
the higher 15/l value of the NPF@CNF-800 ( 1.07) than
that of the CNF-800 ( 0.98). The Ip/1g of the NPF@CNF-T
reduced from 1.11 to 0.95 when the temperature increases
from 700 to 900 °C. This suggested that the graphitization of
the carbon backbone increased gradually, which was bene cial
to improve the conductivity of the catalysts during the ORR/
OER process.*® Generally, the defects and conductivity
synergistically contributed to the performance of the
catalysts.”® Therefore, the NPF@CNF-800 catalyst possessed
suitable defect degrees and electric conductivity simultane-
ously, which were crucial for the ORR/OER electrocatalytic

activity. Two characteristic broad peaks located at 26 and 43°
in the X-ray di raction (XRD) patterns were consistent with
the (002) and (010) planes of graphitic carbon that coexisted
in the obtained electrocatalysts (Figure S8), further demon-
strating the presence of abundant active defects.>*

X-ray photoelectron spectroscopy (XPS) was further
measured to obtain an insight into the corresponding chemical
components of the nano ower framework. The XPS survey
spectra of all the obtained NPF@CNFs exhibited ve peaks of
C1s(2849eV), N 15 (400.2eV), P 2p (1326 ¢eV), F1s
(686.5 eV), O 15 (532.8 eV), which con rmed the successful
formation of N, P, F tri-doped metal-free carbon catalysts
(Figure S9). The doping contents of N, P, and F elements in
the NPF@CNF-800 were 4.84, 1.38, and 0.64 at%, respectively
(Table S2), matching well with the elemental analysis (Table
S3). As depicted in Figure 2d, the core-level N 1 s XPS
spectrum of NPF@CNF-800 was tted to four peaks centered
at 398.4, 400.2, 401.1, and 403.1 eV, which were attributable
to the pyridinic-N, pyrrolic-N, graphitic-N, and quarternary-
N*-O, respectively.> As shown in Figure S10, the pyridinic-N,
graphitic N, and pyrrolic-N species were dominant, which were
e cient electrocatalytic active sites for ORR?® The P 2p
spectrum was divided into two distinguishable peaks located at

132.2 and 133.6 eV, manifesting the existence of the P C
and P O bonds, respectively (Figure 2e).>° The introduction
of P induced structural defects in the carbon framework and
increased the electron delocalization due to the large radius of
the P atom, which increased abundant electrocatalytic active
sites and improved electrical conductivity.>” Figure 2f exhibits
typical ionic C F bonds (684.9 eV) and semi-ionic (687. 8
eV) C F bonds, both of which have been received as
signi cant electrocatalytic active centers.*® For comparison, the
N, P, and F contents and the detailed doping types of NPF@
CNF-700 and NPF@CNF-900 are displayed in Table S2 and
Figures S11 12. It can be seen that the carbon content

; 30
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Figure 3. (a) LSV curves of NPF@CNFs, CNF-800, and Pt/C in O,-saturated 0.1 M KOH. (b) Chronoamperometric responses of NPF@CNF-
800 and Pt/C in O,-saturated 0.1 M KOH. (c) OER polarization curves of NPF@CNFs, CNF-800, and IrO, in 1 M KOH at 5 mV s *. (d)
Chronoamperometric responses of NPF@CNF-800 and IrO, catalysts in 1 M KOH. (e) LSV curves between the ORR and OER of NPF@CNFs,
CNF-800, and Pt/C + IrO,. (f) Potential di erences between the OER current density at 10 mA cm 2 and the E,,, of ORR for NPF@CNFs, CNF-

800, and Pt/C + IrO,.
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increased while the nitrogen, phosphorus, and uorine
contents decreased with the increasing carbonization temper-
ature. N 1 s spectra showed that the species of nitrogen were
di erent, and graphitic N became dominant with increasing
pyrolysis temperature. The P 2p spectra of all the samples
showed that the ratio of P C and P O was almost constant
under a higher temperature. F 1 s spectra showed the ratio of
semi-ionic C F bonds increased while the ratio of ionic C F
bonds decreased when the pyrolysis temperature is increased.
Heteroatom atoms were more likely to combine under higher
calcination temperatures to form stable forms. The successful
introduction of N, P, and F elements changed the surface
charge distributions, and meanwhile, it increased the defects in
the carbon matrix, both of which enhance the electrocatalytic
performance.”®

The ORR performance of the obtained catalysts was
assessed by cyclic voltammetry (CV) testing in O,- and Ny-
saturated 0.1 M KOH electrolyte rst. Figure S13 depicts the
CV curves of NPF@CNF-800, displaying a characteristic
rectangle without the redox peaks in the N,-saturated
electrolyte, while a distinct cathodic redox peak 0.81 V was
observed in the O,-saturated KOH electrolyte, a rming an
obvious intrinsic ORR activity. In addition, the NPF@CNF-
800 showed a more positive ORR peak potential than other
obtained catalysts (Figure S14), suggesting the highest
electrocatalytic activity for the ORR. This result clearly showed
that multiple heteroatom doping and suitable pyrolysis
temperatures could collectively improve the ORR activity of
the resultant carbon nano owers. The linear sweep voltam-
metry (LSV) curves shown in Figure 3a demonstrated a more
positive onset potential (Eyqt) 0f 0.97 V vs. RHE and a half-
wave potential (E;/,) of 0.85 V vs RHE for NPF@CNF-800
than those of other as-obtained catalysts, which was also
comparable to that of the Pt/C benchmark catalysts (Eqpeet =
101 V, E;, = 0.86 V vs RHE). The ORR electrocatalytic
performance of NPF-CNF-800 was signi cantly better than
that of CNF-800, indicating that the multiple heteroatom
doping remarkably increased the number of active sites.
Additionally, the larger limited current density of NPF@CNF-
800 demonstrated that it is more favorable for mass transfer
and gas di usion than other catalysts.?® This result further
con rmed that the excellent electrocatalytic activity of NPF@
CNF-800 primarily originated from the rich exposed
heteroatom active surface and hierarchical porosity. The
electron-transfer number (N) of NPF@CNF-800 was
calculated to be 3.85 3.97 by the Koutecky Levich (K L)
plots, demonstrating a direct 4e reduction mechanism (Figure
S15). Also, NPF@CNF-800 showed a higher double-layer
capacitance (Cq) (129 mF cm 2) than other resultant
catalysts, which was due to the relatively high speci ¢ surface
area of NPF@CNF-800 (Figures S16 17). Meanwhile, a
rotating ring-disk electrode (RRDE) was also conducted to
further investigate the ORR mechanism. The low H,0, yield
(< 8.5%) indicated the almost complete O, reduction to H,O,
and N was obtained to be 3.84 3.95 at 0.3 0.8 V, implying
that multiple heteroatom doping could enhance the selectivity
for a desirable 4e approach (Figure S18). In addition, the J¢
of NPF@CNF-800 (19.5 mA cm 2) at 0.8 V was superior to
that of Pt/C (18.2 mA.cm 2), indicating that it had faster
intrinsic kinetics (Figure S19). Additionally, the electro-
chemical impedance spectroscopy (EIS) measurements
revealed that NPF@CNF-800 exhibited a signi cantly lower
charge-transfer resistance compared with Pt/C and other

CNFs catalysts (Figure S20), demonstrating a faster charge
transfer process of the NPF@CNF-800 catalyst. No apparent
decay ( 7%) was observed after 50, 000 s of continuous
measurement (Figure 3b), while the Pt/C benchmark catalyst
with a quick loss approaches 20%. Furthermore, a very small
negative half-potential shift was observed after 10,000 CV
cycles (Figure S21), further demonstrating the reliable stability
of NPF@CNF-800 as an ORR electrocatalyst. Furthermore,
almost no current changes were noticed for the NPF@CNF-
800, whereas the commercial Pt/C catalyst showed an obvious
decrease in current after adding 1 M methanol (Figure S22). It
suggested that the NPF@CNF-800 also exhibited better
tolerance to the methanol cross-over e ect. Notably, the
NPF@CNF-800 catalyst also manifested a half-wave potential
of 0.73 V in 0.1 M HCIO, (Figure S23), which further
demonstrated that it exhibits a decent ORR activity in acid
electrolytes.

To further study the structural and chemical stability of the
NPF@CNF-800 catalyst, we characterized and discussed the
morphology and composition of the as-prepared catalyst after
the stability test. SEM and TEM observations revealed that the
microstructure of NPF@CNF-800 was unchanged after the
stability test (Figure S24), demonstrating that the as-prepared
material exhibits good structural stability. Figure S25a shows
the Raman spectra of the NPF@CNF-800 after the stability
test. The ratio of the relative intensity between the D band and
G band slightly increased to 1.10, which was mainly attributed
to the slight corrosion of the carbon skeleton during the long
testing process. The XRD pattern of the electrocatalyst after
cycling still maintained the (002) and (010) peaks (Figure
S25b), indicating that the nano ower structures exhibit good
chemical stability.

Remarkably, the resulting NPF@CNF catalysts also
exhibited a high OER activity, which was evaluated by the
LSV measurements in the 1 M KOH electrolyte. The
overpotential of NPF@CNF-800 was 330 mV, which was
superior to that of all the prepared catalysts and even
commercial IrO, catalysts (Figure 3c and Figure S26),
a rming the promotion of the OER activity by multiple
heteroatom doping. Additionally, the OER performance of
NPF@CNF-800 was also superior to most OER catalysts
recently reported (Table S4). The result con rmed that the
ultrasound method exhibits promising prospects in the
preparation of defect-rich multiple heteroatom-doped electro-
catalysts toward OER. In addition, a favorable OER kinetic
process of the NPF@CNF-800 was con rmed by a relatively
smaller Tafel slope than other catalysts (Figure S27).
According to the i-t curves (Figure 3d), the NPF@CNF-800
retained more than 91% of its initial OER current density.
However, the retention of the commercial IrO, catalyst was
only 64% after the same test time, manifesting an excellent
stability of NPF@CNF-800 for OER. Furthermore, the
bifunctional activities of the NPF@CNFs were evaluated by
the corresponding potential gap E ( E = Ej-19 Ej). The
NPF@CNF-800 exhibited a low E of 0.71 V (Figure 3g,f),
which was lower than that of other catalysts and exceeded that
of most reported metal-free electrocatalysts (Figure S28),
a rming the outstanding bifunctional catalytic activity of
NPF@CNF-800 toward both ORR and OER. To investigate
the in uence of the OER process on the ORR catalytic activity,
the LSV curve of NPF@CNF-800 after the OER test is shown
in Figure S29, in which the half-wave potential exhibited only a
minimal negative shift of 13 mV.
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Figure 4. (a) Schematic illustration of the liquid Zn-air battery and its charge/discharge mechanism. (b) Discharge polarization curves and the
power density curves of Zn-air batteries with NPF@CNF-800 and Pt/C cathodes, respectively. (c) OCV curves of the Zn-air batteries with NPF@
CNF-800 and Pt/C cathodes, respectively. (d) Galvanostatic discharge curves of Zn-air batteries with the NPF@CNF-800 and Pt/C cathodes at 10
mA cm 2. (e) Rate performance of the NPF@CNF-800 and Pt/C electrodes at a current density of 10, 20, 30, 40, 50, and 10 mA cm 2,
respectively. (f) Charge/discharge curves of rechargeable Zn-air batteries using the NPF@CNF-800 and Pt/C + IrO, cathodes. (g) Cycling
performance of rechargeable Zn-air batteries with the NPF@CNF-800 and Pt/C + IrO, cathodes at 5 mA cm 2. Insets in (g) showing the enlarged
areas of the galvanostatic charge/discharge curves of NPF@CNF-800 and Pt/C + IrO,, respectively.

Considering that NPF@CNF-800 could catalyze ORR and
OER simultaneously, Zn air batteries were fabricated using it
as a cathode electrocatalyst (Figure 4a). Figure 4b shows the
polarization pro les and the corresponding power density of
the laboratory-made Zn-air batteries utilizing NPF@CNF-800
and the Pt/C electrocatalyst as the cathodes. The peak power
density of NPF@CNF-800 was 159 mW cm 2, which is 1.75
times that of the Pt/C catalyst (91 mW cm 2). The good
performance of the NPF@CNF-800 catalyst was attributed to
its porous opened ower-shaped structure, which facilitated
the rapid di usion of oxygen and electrolyte to the active sites.
Figure 4c illustrates that the NPF@CNF-800 delivered a more
stable open-circuit voltage (OCV) than the Pt/C catalyst,
suggesting that NPF@CNF-800 performed as a promising
electrocatalyst under practical conditions. Moreover, the
NPF@CNF-800-based battery also delivered a high speci ¢
capacity of 804 mAh g, ! at the current density of 10 mA
cm 2, which is superior to that of the commercial Pt/C catalyst
(728 mAh gz, 1). Meanwhile, the NPF@CNF-800 described a
slight voltage loss and was more stable than the Pt/C + IrO,-
based battery, indicating excellent catalytic stability for ORR
(Figure 4d). The Zn-air battery utilizing the NPF@CNF-800
electrode also exhibited a rate performance better than that of
the commercial Pt/C cathode (Figure 4e). Although the Zn
electrode was used up gradually in the continuous discharging

13333

process, the batteries could be recovered manually by replacing
the new Zn plate and fresh KOH electrolyte for many cycles
(Figure S30). The smaller voltage gap between the discharge
and charge curves predicted that the NPF@CNF-800-based
battery exhibits excellent rechargeability (Figure 4f).

The cycling stability of the Zn-air battery was tested to
estimate the feasibility of NPF@CNF-800 in a practical
environment. As demonstrated in Figure 4g and Figure S31,
the Pt/C + IrO,-based battery failed quickly with limited
cyclability (48 h, 288 cycles), while the battery assembled
using NPF@CNF-800 showed outstanding reversibility (135
h, 810 cycles). In the rst cycle, the calculated energy e ciency
of the Pt/C + IrO,-based battery was 64.8%, which was higher
than that of the NPF@CNF-800-based battery (62.3%).
However, Pt/C and IrO, were both monofunctional catalysts
with poor stability, and the corresponding energy e ciency
observably decreased to 54.1% after merely 288 cycles.
Whereas the NPF@CNF-800-based battery energy e ciency
remained almost unchanged from 62.3% at the rst cycle to
58.1% even after 810 cycles (inset of Figure 4g). The high
speci ¢ surface areas of NPF@CNF-800 promoted su cient
electrochemical transfer on the electrocatalysts, which
contributed to the stable cycling performance in the
subsequent charging and discharging cycles.>® Furthermore,
the NPF@CNF-800-based electrode also showed excellent
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Figure 5. (a) Schematic representation of a solid-state rechargeable Zn-air battery with an NPF@CNF-800 cathode. (b) Photograph of LED bulbs
powered using three solid-state rechargeable Zn-air batteries with the NPF@CNF-800 cathodes connected in series. (c) Polarization and power
density curves of batteries with the NPF@CNF-800 and Pt/C cathodes. (d) Cycling performance of batteries with the NPF@CNF-800 and Pt/C
cathodes at 5 mA cm 2 (e) Galvanostatic discharge charge curves of the battery with the NPF@CNF-800 cathodes at 2 mA ¢cm 2 under di erent

bending angles.

performance compared to some metal-based electrodes
reported in the literature (Table S5). The high-power density
and speci ¢ capacity, favorable rate performance, and excellent
cycling performance unveil that the NPF@CNF-800 is a
potential nonmetal bifunctional electrode for recyclable Zn-air
batteries.
In recent years, the growing popularity of portable and
wearable electronics has stimulated the rapid development of
exible batteries.®® In this contribution, NPF@CNF-800 was
fabricated into exible solid-state Zn-air batteries employing
polyvinyl alcohol hydrogel as a solid electrolyte (Figure 5a). As
a further demonstration (Figure 5b), three batteries in series
could lighten up a light-emitting diode (LED) viewing screen
for a long time, showing its potential usage in exible devices.
Figure 5¢ exhibited that the NPF@CNF-800-based solid-state
battery presented a better power density of 64 mW cm 2,
outperforming that of the Pt/C-based solid-state battery (51
mW cm 2). Moreover, the discharge/charge cycle pro les of
the NPF@CNF-800-based battery were more stable than those
of the Pt/C + IrO,-based battery (Figure 5d), indicating that it
could work at a long-life operation with good stability.
Furthermore, the performance of the NPF@CNF-800-based
battery was comparable to that of other reported state-of-the-
art heteroatom-doped carbon materials (Table S6). Figure S32
indicated that the NPF@CNF-800-based exible Zn-air
battery delivered an OCV of 1.33 V and good long-term
stability. In addition, the OCV of the solid-state battery
assembled with NPF@CNF-800 using a multimeter was 1.310
V, and it remained almost unchanged (1.309 V) at the bending
state (Figure S33). Notably, the battery maintained constant
charging ( 1.97 V) and discharging ( 1.18 V) that platformed
at 2 mA cm 2 even after bending at 90°, 135°, and even at
180° (Figure 5e), verifying its practicability in electronics and
wearable-electronics  elds. Such superior performance was
ascribed to the unique hierarchical nano ower structures,
plentiful heteroatom-doped active sites, and porous networks

within the NPF@CNF-800.°* Because the NPF@CNF-800
exhibits an excellent difunctional electrocatalytic performance,
it might further replace the commercial noble-metal catalysts in
the Zn-air battery industry.

4. CONCLUSIONS

In summary, we have introduced an ultrasound-triggered
polycondensation and assembly strategy to synthesize a
nano ower-shaped CTF. Subsequent carbonization led to the
in-situ formation of graphitized carbon nano owers with
abundant distributions of N, P, and F heteroatom-doped active
centers. As a result, the obtained NPF@CNF-800 electro-
catalyst delivered both an impressive ORR (E;/, = 0.85 V vs
RHE) and OER (Ej- ;0 = 156 V vs RHE) activity and
remarkable cycling stability (retention above 90% after cycling
for 50,000 s), outperforming those of most of the previously
reported metal-free carbon electrocatalysts, and they are even
superior to those of commercial Pt/Ir-based catalysts.
Meanwhile, the liquid Zn-air batteries using NPF@CNF-800
as the cathode exhibited an excellent and stable OCV,
signi cantly large peak power density, high speci ¢ capacity,
and robust charge discharge long-term stability (over 810
cycles). Furthermore, solid-state Zn-air batteries assembled
with NPF@CNF-800 exhibited a peak power density of 64
mW cm 2, decent cycling performance (more than 120 cycles),
and reliable compatibility and performance even under
extreme bending conditions. Our study paves a fresh avenue
to designing high-e ciency metal-free electrocatalysts with a
well-controllable microstructure for portable and wearable
energy devices. On the one hand, it is helpful to solve the
aggregation problem of catalytic active sites; on the other hand,
this unique nanostructured carbon has a great potential to
replace the state-of-the-art noble metal catalysts.
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