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Precious-metal-free transition metal-N-C catalysts containing atomic MeNy centers are promising candidates for
the oxygen reduction reaction (ORR) in rechargeable zinc-air batteries. In this study, we report the highly
efficient synthesis and activity modulation of Me-N-C (Me = Fe, Co, Ni, and Cu) catalysts utilizing the flash Joule
heating technique, accomplished within 200 milliseconds. The instantaneous high temperature (~3535 K) and
rapid heating and cooling rates (above 10* K s7!) induce the formation of atomically-dispersed MeNy sites on the
surface of carbon nanotube matrices. This ultrafast thermal shock process not only prevents the aggregation of
isolated metal atoms but also achieves catalytic activity modulation through heteroatom engineering. Typically,
phosphorus atoms play a crucial role in suppressing nitrogen loss and regulating the local coordination envi-
ronment of FeNy centers, thereby facilitating the 4 e~ electrocatalytic reduction of oxygen. As expected, the
phosphorus-doped Fe-N—C catalyst exhibits excellent ORR activity with a high half-wave potential of 0.904 V
and a low Tafel slope of 23.1 mV dec™! in a 0.1 M KOH medium. The assembled zinc-air battery demonstrates a
prominent power density of 236.3 mW cm ™2 and desirable long-term durability over 400 h, surpassing that of the

Pt/C+IrOg-based battery.

1. Introduction

Efficient and stable oxygen reduction catalysts play a crucial role in
advancing the commercialization of rechargeable zinc-air batteries
(ZABs) [1-6]. In recent years, single-atom catalysts comprising transi-
tion metals coordinated with nitrogen and carbon (Me-N-C, where Me
= Fe, Co, Ni, Cu, Mn, Mo, etc.) have emerged as promising alternatives
to state-of-the-art platinum-based catalysts [7-9]. These materials offer
several advantages, including cost-effectiveness and maximized atom
utilization [10-13]. Furthermore, they exhibit desirable catalytic ac-
tivity for the oxygen reduction reaction (ORR) with excellent methanol
tolerance [14-16]. Among them, atomically-dispersed Fe-N-C catalysts
have garnered significant research interests [17,18]. In these catalysts,
the FeNy coordination serves as the active site for oxygen adsorption and
ORR catalysis [19-22]. Currently, the majority of Fe-N-C catalysts are
prepared using the traditional method of pyrolyzing iron, nitrogen, and
carbon precursors [23-25]. However, this approach is time and
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energy-consuming, and it often leads to the aggregation of Fe atoms and
nitrogen loss during prolonged heating, resulting in a reduced number of
atomically dispersed FeNy centers [26]. Therefore, the development of
efficient synthesis techniques is of paramount importance to advance
the investigation and application of Fe-N-C catalysts.

Recently, the flash Joule heating (FJH) technique has gained wide-
spread recognition as a versatile method for synthesizing carbon nano-
materials [27-30]. In 2020, Tour and co-authors pioneered the use of
FJH to achieve rapid and gram-scale production of turbostratic gra-
phene [31]. Various inexpensive carbon sources, such as coal, biochar,
carbon black, and plastic waste, can be rapidly converted into graphene
with high purity and quality. Building on this breakthrough, our team
successfully synthesized few-layer nitrogen-doped graphene within one
second [32]. The prepared graphene with minimum structure defects
were utilized as electrode material for high-rate energy storage devices.
The FJH process stands out for its solvent-free, inert gas-free, etchant--
free, and template-free attributes [33]. Remarkably, the extremely high
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heating temperatures (> 3000 K) and ultrafast heating and cooling rates
(> 10* K s1) are particularly advantageous for preparing
atomically-dispersed Me-N-C catalysts [34]. For instance, Xi and col-
leagues achieved precise control over the monoatomic structure when
synthesizing Ni-N-C catalysts. In this configuration, 80 % of the doped
nitrogen atoms formed NiN4 active sites [35]. The resulting catalyst
demonstrated a high Faradaic efficiency for CO5 reduction to CO across
a wide applied voltage range (0.7 to —-1.9 V vs. RHE). Previous studies
that attempted to synthesize Me—N-C materials using the Joule heating
method fell short of achieving ideal ORR catalysts. The main challenge is
that at high heating temperatures, outer nitrogen species tend to escape,
resulting in a lower concentration of MeNy sites on the surface of the
carbon matrices and, consequently, poor catalytic performance [36].
Therefore, there is an urgent need to simultaneously achieve rapid
production and activity modulation of Me-N-C catalysts during the FJH
process to obtain efficient ORR catalysts, although this remains a
formidable challenge.

In this study, we showcase the millisecond synthesis of atomically-
dispersed Me-N-C as highly efficient ORR electrocatalysts. The cata-
lytic activity is modulated by heteroatom engineering during ultrafast
Joule heating process within 200 ms. Our findings reveal that the
introduction of P dopants significantly enhances the ORR performance.
This enhancement is attributed to their ability to restrain nitrogen loss
and alter local coordination environment of the MeNy centers, resulting
in a decreased energy barrier for the rate-determining step. This is
supported by density functional theory (DFT) calculations. Impressively,
the P-doped Fe-N-C catalyst exhibits a prime half-wave potential and a
low Tafel slope under alkaline conditions, surpassing that of Pt/C
catalyst. Moreover, the assembled ZABs exhibit high power density,
excellent charge-discharge ability, and long-term durability.

2. Experimental section
2.1. Synthesis of FePC-CNT precursor

Firstly, 100 mg of multi-walled carbon nanotubes (MWCNTs) and
150 mg of FePc were separately dispersed in 120 mL and 60 mL of DMF
solutions, respectively. The suspensions were subjected to ultra-
sonication for 0.5 h. Subsequently, the FePc dispersions were carefully
combined with the MWCNT solution and subjected to ultrasonication for
an additional hour. Finally, the mixed suspensions were collected after
stirring for 24 h, which were then washed with ethanol and deionized
water, followed by drying in a vacuum oven at 80 °C for 8 h to obtain the
FePc-CNTs.

2.2. Synthesis of P-FeN4@CNTs by FJH method

100 mg of FePc-CNTs and 50 mg of NaH;PO2-H0 were thoroughly
ground and placed into a quartz tube with a diameter of 10.0 mm.
Conductive graphite plugs were positioned at both ends of the sample
powders. Subsequently, the quartz tube was securely affixed to the re-
action frame, and the sample’s resistance was adjusted to a range of 1.0
to 2.0 Q. The entire setup was then placed in a vacuum environment, and
the flash voltage was set to 130 V. Throughout the reaction, temperature
and current-versus-time curves were continuously recorded. The prod-
uct yield is about 60 % and it is able to achieve gram-level production of
catalyst by increasing the diameter of the quartz tube. For comparison,
FeN4@CNT was prepared under similar conditions but without the
addition of NaH3POy-H50. To investigate the influence of different
metal phthalocyanines on the ORR performance of the catalysts, P-
CoN4@CNTs, P-NiN4@CNTs, and P-CuN4@CNTs were also synthesized
using the same procedure as that of the P-FeN4@CNT catalyst. Other
experimental details can be found in Supporting Information file.
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3. Results and discussion
3.1. Synthesis and characterization

The schematic diagram of the synthetic route for P-MeN4@CNTs is
depicted in Fig. 1. Initially, various metal phthalocyanines (MePcs),
including FePc, CoPc, NiPc, and CuPc, are immobilized on the outer
surface of multi-walled carbon nanotubes (MWCNTS) via n—rn in-
teractions. Subsequently, the NaH;PO,-H0 is added to the aforemen-
tioned mixtures, which will release PH3 during heating process and
incorporating phosphorus into the carbon framework [37]. The FJH
method enables the ultrafast transformation of these feedstocks into
atomically-dispersed P-MeNy moieties on the surface of CNTs in less
than 200 milliseconds (Video S1). During the reaction, the variations in
reaction parameters are real-time recorded. From these recordings, we
observe that the peak temperature and current are approximately 3535
K and 333 A, respectively.

Fig. S1 depicts the scanning electron microscopy (SEM) image of the
P-FeN4@CNT catalyst, demonstrating a uniform 1D structure without
obvious agglomeration. To examine the form of Fe within this catalyst,
aberration-corrected high-angle annular dark-field scanning trans-
mission electron microscopy (AC—HAADF-STEM) images were
collected and are shown in Fig. 2a. In these images, numerous individual
bright dots (highlighted by red circles) correspond to atomically-
dispersed Fe atoms, as seen in Fig. 2b. As further evidence, energy-
dispersive X-ray spectroscopy (EDS) elemental mapping images show
that C, N, Fe and P elements are uniformly distributed in the entire
structure (Fig. S2). Fig. S3 provides the XRD patterns of P-FeN4@CNTs
prepared at different flash voltages. Two distinctive characteristic peaks,
centered at 20 angles of 25.7° and 43.1°, correspond to the (002) and
(101) crystal planes of graphitic carbon [38]. Notably, no distinctive
diffraction peaks associated with iron particles, iron oxides, or carbides
are observed. The catalyst contains 1.487 wt.% of Fe and 0.589 wt.% of
P, as determined by inductively coupled plasma-optical emission spec-
troscopy (Table S1).

In Raman spectroscopy (Fig. S4a), two distinct characteristic peaks at
approximately 1345 cm ™! and 1582 cm ™! are attributed to the D and G
bands, respectively. The relative intensity ratio between the D- and G-
bands is commonly used to assess the structural defects of carbon ma-
terials [39,40]. As the FJH voltage increases, the Ip/Ig ratios of
P-FeN4@CNTs decrease from 1.28 to 0.99 (Fig. S4b), indicating that
higher flash voltage contributes to the reduction of defect sites. The Ny
adsorption/desorption isotherms of P-FeN4@CNTs exhibit typical type
IV isotherms (Fig. S5a) [41], and the Brunauer-Emmett-Teller (BET)
surface area of the P-FeN4@CNT catalyst measures 91.4 m? g’l. The
pore size distribution curve in Fig. S5b reveals that the P-FeN4@CNTs
catalyst possesses a rich mesoporous structure within the range of 2 — 5
nm. Fig. S6 displays the X-ray photoelectron spectroscopy (XPS) spectra
of P-FeN4@CNTs prepared at different flash voltages. In all samples,
three signal peaks for C1s,N 1s,and O 1 s are observed. The C 1 s XPS
profiles, as shown in Fig. S7a, are deconvoluted into three peaks at
approximately 284.8 eV (C=C), 285.4 eV (C-N), and 287.5 eV (0-C=0)
[42]. Furthermore, high-resolution N 1 s spectra at different voltages are
provided in Fig. S7b. The peaks at 398.6 eV, 400.1 eV, and 404.1 eV are
assigned to pyridinic-N and Fe-Ny, pyrrolic-N, and oxidized-N, respec-
tively [43]. The Fe 2p and P 2p spectra (Fig. S8) of the typical
P-FeN4@CNTs confirm the successful doping of Fe and P after the
instantaneous Joule heating process [44,45]. Importantly, P dopants
effectively prevent nitrogen loss during the high-temperature heating
process. The nitrogen content in P-FeN4@CNTs is determined to be 3.64
at.%, over three times that of FeN4@CNTs (1.16 at.%). The higher ni-
trogen content is favorable for creating more FeNy active sites, which
enhances ORR performance. Fig. S9 presents the infrared spectra of
different P-FeN4@CNTs [46,47].

The electronic structure and local coordination environment of the P-
FeN4@CNTs catalyst were investigated using X-ray absorption near edge
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Fig. 1. Schematic diagram showing the synthesis process of atomically-dispersed catalysts of P-MeN,@CNTs (Me = Fe, Co, Ni, and Cu).

structure (XANES) and extended X-ray absorption fine structure
(EXAFS) measurements. For comparison, control samples including Fe
foil, FeyOs, FeP, and iron phthalocyanine (FePc) were employed. As
shown in Fig. 2¢, the XANES curves reveal that the absorption edge of P-
FeN4@CNTs falls between that of Fe foil and FeyO3. This suggests that
the valence state of the Fe atom in P-FeN4@CNTs ranges between 0 and
+2. Fig. 2d displays the k>-weighted Fourier transform EXAFS curve of
P-FeN4@CNTs in R-space, where a prominent peak at approximately 1.5
A is observed, corresponding to the Fe-N coordination. Importantly, no
discernible signals for Fe—Fe or Fe—P coordination are detected.

To further investigate the coordination environment of Fe centers in
R and K spaces, we employed wavelet-transformed (WT) EXAFS plots
(Fig. 2e). Notably, the WT graph of P-FeN4@CNTs exhibits a maximum
strength at ~5.2 Al (Fe—N), which differs from the characteristics of Fe
foil (~8.1 A’l) and Fey03 (~7.7 A’l). The local geometry of Fe in P-
FeN4@CNTs was analyzed using least-square EXAFS fitting (Fig. 2f and
Table S2). The fitting curves in both R and K spaces align well with the
experimental results. Simultaneously, the EXAFS fittings of the potential
configurations containing two neighboring Fe atoms are shown in
Fig. S11, S12, from which we observe the signal of Fe—Fe bond at ~2.20
A, providing further evidence that iron atoms exist in the atomically-
dispersed form. These findings strongly support the conclusion that Fe
in P-FeN4@CNTs exists in an atomically dispersed form, coordinated
with four pyridinic-N atoms to form FeNy active sites [48]. Additionally,
the presence of P atoms does not directly bind to the Fe atoms in the
center of the first coordination shell; instead, they modulate the local
structure by binding to adjacent N atoms.

3.2. ORR performance

The electrocatalytic ORR performances of P-FeN4@CNTs were
evaluated in O,-saturated 0.1 M KOH solution. As can be seen from
cyclic voltammetry (CV) and linear scanning voltammetry (LSV) profiles
in Fig. S13 and Fig. 3a, the P-FeN4@CNTs catalyst displays excellent
ORR performance with a half-wave potential (E;/2) of 0.904 V, higher
than FePc-CNTs (0.866 V), FeN4@CNTs (0.867 V), and 20 wt.% Pt/C
(0.840 V). Fig. S14 shows LSV curves of P-FeN4@CNTs at different

rotating speeds from 400 to 2500 rpm, where the current densities
present a positive correlation with the increase of rotational speeds.
According to the K-L equation, the electron transfer numbers (n) of P-
FeN4@CNTs and 20 wt.% Pt/C are calculated to be 4.06 and 3.80,
respectively (Fig. S15). It is proved that P-FeN4@CNTs undergo a typical
4 e~ transfer pathway during ORR procedure. As shown in Fig. 3b, the
Tafel slope of P-FeN4@CNTs is 23.1 mV dec’l, lower than that of FePc-
CNTs (37.7 mV dec 1), FeN4;@CNTs (25.5 mV dec 1), and 20 wt.% Pt/C
(59.4 mV dec’l), implying its fast reaction kinetics [49,50]. This
conclusion is confirmed by the electrochemical impedance spectroscopy
(EIS) plots in Fig. S16a, in which the P-FeN4@CNT catalyst has the
smallest semicircle in the high frequency region and the most vertical
line in the low frequency region [27,51]. Additionally, it exhibits a
lower relaxation constant (t) value of 1.45 s at —45° than Pt/C (23.81 s)
in Bode diagram (Fig. S16b). Fig. 3c compares the E;,5 and kinetics
current density (jg) of different samples. The ji of P-FeN4@CNTs reaches
33.48 mA cm 2 at —0.05 V, this value is almost 3.84, 2.92, and 6.39
times of FePc-CNTs (8.71 mA cm™2), FeN4@CNTs (11.45 mA cm™~2), and
20 wt.% Pt/C (5.24 mA cm™2), respectively. Further, we analyzed the
electrochemically-active surface area of these samples by calculating
their specific double-layer capacitance (Cqj) at the non-Faraday regions
(Fig. S17, S18), P-FeN4@CNTs exhibit a large Cq; value of 6.54 mF cm_z,
accounting for its desirable capacitive property and catalytic activity. As
depicted in Fig. 3d, the HyO5 yield and n of P-FeN4@CNTs are further
estimated through the rotating ring-disk electrode (RRDE). The Hy0,
yield remains below 5 % and the electron transfer number close to four,
which are consistent with the above analyses.

To optimize the ORR activity of P-FeN4@CNTs, we varied the mass
ratios of CNTs to FePc and NaPO,-HO, ultimately determining them to
be 1:1.5 and 2:1, respectively (Fig. S19, S20). Additionally, the effects of
flash voltages on catalytic performance were explored, as shown in
Fig. S21 and detailed in Table S3. The E;,» values corresponding to
voltages of 90, 110, 130, 150, and 170 V were measured at 0.852, 0.886,
0.904, 0.845, and 0.837 V, respectively. The possible reasons are dis-
cussed for the superior ORR activity of P-FeN4@CNTs when flashed at
130 V. Low voltages below 130 V with lower heating temperature would
induce insufficient carbonization and thereby the poor graphitization
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Fig. 2. Compositional and structural analysis of P-FeN4@CNTs. (a, b) AC—HAADF STEM image of P-FeN4@CNTs; (c) Fe K-edge XANES spectra of P-FeN4@CNTs,
FePc, Fe,03, FeP, and Fe foil references; (d) k3-weighted Fourier-transformed EXAFS spectra of P-FeN4@CNTs, FePc, Fe,0s3, FeP, and Fe foil; (e) k3-weighted wavelet-
transformed Fe K edge EXAFS spectra of P-FeN,@CNTs, Fe,O3, and Fe foil; (f) EXAFS fitting curve of P-FeN4@CNTs.

degree. Conversely, excessively high voltage-induced temperatures may
cause partial loss of N and Fe, thereby reducing the number of available
FeNy active sites. Methanol-tolerant and stability performances of P-
FeN4@CNTs are estimated and compared with 20 wt.% Pt/C catalyst.
The methanol-tolerant test was conducted in an O,-saturated 0.1 M KOH
electrolyte, injected with 2 M methanol solution at 200 s (Fig. 3e). It can
be observed that the 20 wt.% Pt/C demonstrates a conspicuous change
in current density, whereas P-FeN4@CNTs display superior methanol-
tolerant behavior with almost no fluctuation in j-t curve. The P-
FeN4@CNT catalyst presents a high current retention of about 96.69 %
after 10 h, while Pt/C experiences a significant current decrease
(~14.08%) under the same conditions (Fig. 3f), evidencing the
remarkable long-term durability of the prepared flash catalyst. More-
over, the ORR catalytic performances of the P-FeN4@CNTs are
compared with the reported similar catalysts, as shown in Table S4.
Impressively, the superior Egnser, E1/2 and low Tafel slope values of P-
FeN4@CNT indicate its great potential as efficient ORR electrocatalyst.
The OER performance of the catalysts was also investigated. As shown in
Fig. S22a, the overpotential of the P-FeN4@CNT catalyst is 443.4 mV at
10 mA cm 2, which is close to RuO, (411.9 mV). It demonstrates
desirable ability with 94.19 % current retention after 7 h (Fig. S22b).

After testing, the structure of P-FeN4@CNT catalyst is well maintained
(Fig. S23).

3.3. Theoretical analyses

DFT calculations were performed to understand the effects of P atom
in altering the coordination environment and ORR activity of the FeNy
centers. Fig. 4a depicts four Fe—N—C configurations, where P bonds
with N(1) and forms six and five membered rings in FeN4P-1 and FeN4P-
2, respectively. As for FeN4P-3, P locates at the para-position of Fe center
in a six membered ring. The doping of P atom with large atomic radius
induces tensile strain and local structure distortions of Fe—N—C, which
depend upon the position of P-dopant. As shown in Fig. 4b, the FeNy
center in undoped Fe—N—C presents a square-planar configuration with
the Fe-N length of about 1.895 A. This value undergoes distinctive
variation after P doping, where the bond lengths of Fe-N(1), Fe-N(2),
Fe-N(3) and Fe-N(4) in FeN4P-2 configuration are 1.873 f\, 1.873 i\,
1.873 A, and 1.951 A, respectively. The four Fe-N bond lengths corre-
sponding to FeN4P-1 are 1.833 A, 1.961 A, 1.891 A, 1.908 A, while the
bond lengths for FeN4P-3 are 1.924 A, 1.924 A, 1.906 A, 1.906 A. Be-
sides, the bond angles of three P-doped FeN4 configurations also present
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obvious changes compared to the raw FeN4 (~180°), as displayed in
Fig. 4c. Among them, FeN4P-2 experiences the most pronounced sym-
metry distortion, with the N(1)-Fe-N(3) and N(2)-Fe-N(4) angles
approaching 175.0° and 178.4°, respectively.

As mentioned previously, the presence of a P dopant significantly
disrupts the planar symmetry of the FeN,4 configuration, leading to un-
even charge distribution and subsequently influencing the adsorption
and desorption behavior of oxygen intermediates [52,53]. As illustrated
in Fig. 4d, P doping results in the donation of additional electrons to
adsorbed Oy species in FeN4P-1 (0.45 e), FeN4P-2 (0.46 e7), and
FeN4P-3 (0.51 e7), relative to pristine FeN4 (0.45 €7). Fig. 4e presents the
free energy diagram for the four Fe-N-C catalysts, while Fig. $24-527
depict the corresponding optimized structures of ORR intermediates
(*OH, *O, and *OOH) on different FeN4 configurations. All four con-
figurations, including FeN4 and the three FeN4P configurations, exhibit
the same rate-determining step of the *OH reduction (*OH + e — OH™
+ *). The FeN4P-2 model shows an energy barrier of 0.045 eV for this
step, this value is much lower than that of FeN4 (0.244 eV), FeN4P-1
(0.357 eV), and FeN4P-3 (0.355 eV), indicating the lower ORR ther-
modynamic over-potential of FeN4P-2 (Fig. S28 and Table S5). These
analyses underscore that the position of doped P atom is highly related
with the ORR performances of FeN4 sites in atomically-dispersed
Fe-N-C catalysts. On one hand, P doping can restrain the nitrogen loss
during the ultrafast Joule heating process, leading to the formation of
increased number of active FeNy4 sites. On the other hand, DFT results
indicate that the presence of P dopant disrupts the planar symmetry of
the FeN4 configuration, resulting in uneven charge distribution and a
reduced energy barrier for the rate-determining step, thereby enhancing
the ORR performance.

3.4. Zinc-air batteries

To verify the versatility of the FJH technique in synthesizing the P-
MeN4@CNT catalysts, other common metal phthalocyanines including
CoPc, NiPc, and CuPc are also employed as precursors. SEM images of P-
CoN4@CNT, P-NiN4@CNT, and P-CuN4@CNT catalysts all reveal uni-
form 1D tubular structure without significant agglomeration
(Fig. S29-S31). Fig. S32 provides their corresponding XRD patterns, two
distinct characteristic peaks centered at the 20 degrees of 25.7° and
43.3° correspond to the (002) and (101) crystal planes of graphitic

Energy Storage Materials 69 (2024) 103421

carbon, respectively. Importantly, no distinctive diffraction peaks of
metal particles are observed, confirming the successful formation of
atomically-dispersed Me—N—C catalysts. Fig. 5a displays the LSV curves
of P-CoN4@CNTs, P-NiN4@CNTs, and P-CuN4@CNTs, their E; /5 values
are 0.881, 0.871, and 0.882 V, respectively. Notably, all of these values
exceed those of the 20 wt.% Pt/C catalyst. The Tafel slopes of P-
CoN4@CNTs (24.2 mV dec 1), P-NiN4@CNTs (26.2 mV dec™!), and P-
CuN4@CNTs (29.3 mV dec™1) are calculated. It can be cleared to observe
that their Tafel slopes are significantly lower than Pt/C (Fig. S34).
Fig. 5b presents the corresponding E; /5 and jx at —0.05 V of different
catalysts. As demonstrated in Fig. S35, S36, the electrochemically-active
surface areas of different catalysts are evaluated by the double-layer
capacitance at the non-Faraday regions. These results collectively
affirm the general applicability of the FJH technique for the ultrafast
synthesis and activity modulation of atomically-dispersed Me—N—C
electrocatalysts.

Given the outstanding oxygen reduction reaction (ORR) performance
of the P-FeN4@CNT catalyst, we utilized it as the air cathode to assemble
zinc-air batteries (ZABs) and compared its performance to a control
group featuring Pt/C+IrO;. Remarkably, no significant changes are
observed from the galvanostatic discharge curve of the batteries over 12
h at the open-circuit voltages (Fig. 5c). As shown in Fig. 5d, the
maximum power density of P-FeN4@CNT based ZAB reaches 236.3 mW
cm™2, significantly higher than that of Pt/C+IrO, (118.6 mW cm™2).
When increasing the current densities from 1.0 to 200.0 mA cm ™2, the P-
FeN4@CNT-based ZAB demonstrates higher discharge voltages (Fig. Se).
Notably, once the current density returned from 200.0 to 1.0 mA cm ™2,
the voltage plateau stabilized at 1.32 V, closely approaching the initial
value of 1.33 V. This behavior underscores the excellent rate perfor-
mance of the P-FeN4@CNT-based ZABs. The charge-discharge efficiency
and cycle stability of ZABs are evaluated by the long-term charge-
discharge tests over 400 h at 5.0 mA cm ™2 (Fig. 5f). The performances of
P-FeN4@CNT-based ZABs surpass that of the commercial Pt/C+IrO5 and
most Fe—N—C catalysts that have been reported (Table S6). The initial
charge-discharge voltage gap of P-FeN4@CNTs-based ZAB is 0.68 V,
lower than that of the Pt/C+IrO (0.78 V). After 400 cycles, only a slight
performance loss was observed, with the voltage gap increases by 35
mV. This outcome further highlights the superior durability of the P-
FeN4@CNT catalyst in ZAB applications.
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4. Conclusions

In summary, we report the ultrafast and highly efficient synthesis of
an atomically-dispersed ORR catalyst of P-FeN4@CNTs, via the FJH
technique within 200 milliseconds. This method has been also applied to
the preparation of Co, Ni, Cu-based catalysts with desirable catalytic
performances, demonstrating the great universality of the FJH strategy
for preparing Me-N-C catalysts. Particularly, the optimized P-
FeN4@CNT catalyst exhibits superior electrocatalytic performance, with
an E;j 2 0f 0.904 V and a Tafel slope of 23.1 mV dec™!. The introduction
of P dopant plays a pivotal role in enhancing the ORR performance. It
effectively suppresses N loss during the instantaneous high-temperature
FJH process and induces alterations in the local coordination environ-
ment of FeNy centers, leading to uneven charge distribution and a
reduced energy barrier for the rate-determining step. As anticipated, the
assembled ZAB affords a maximum power density of 236.3 mW cm ™2, a
low voltage gap of 0.68 V, and excellent cycle stability over 400 h at 5
mA cm ™2, while the commercial Pt/C+IrO, based battery begins to
decay after 100 h. This work highlights the tremendous advantages of
FJH technique for the efficient preparation and activity modulation of
atomically-dispersed catalysts.
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