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a b s t r a c t

The oxygen reduction reaction (ORR), an important process in Zn-air batteries (ZABs), shows sluggish

reaction kinetics, which significantly impairs the further improvement of battery performance. Thus, ra-

tionally designing cathodic catalysts for ZABs has drawn sufficient attention. We herein synthesize and

characterize Fe/N/F-tridoped CNTs (FeNFCs) by annealing the postsynthesized trifluoroacetic anhydride-

modified Fe-MIL-88B-NH2 nanocrystals with melamine at high temperature in a N2 atmosphere. Bene-

fiting from the Fe/N/F element doping, high specific surface area, and CNT structure, the FeNFC800 cat-

alyst prepared at 800 °C exhibits a preferable half-wave potential of 0.829V vs. RHE. The Zn-air battery

equipped with FeNFC800 shows a high open-circuit voltage of 1.47V, a gratifying peak power density of

196mW/cm2, and extraordinary long-term stability, outperforming the benchmark 20% Pt/C.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Today’s energy-demanding society is still highly dependent on

the input of fossil fuels. However, the use of fossil fuels is not only

restricted by their finite storage but also triggers serious environ-

mental issues that threaten the sustainable development of soci-

ety. Metal-air batteries, such as Zn-air batteries (ZABs) with high

theoretical energy density (1086Wh/kg), are considered sustain-

able, ecofriendly, and low-cost alternatives to fossil energies [1–3].

Nevertheless, the sluggish reaction kinetics of the oxygen reduc-

tion reaction (ORR) at the air cathode of ZABs severely limits their

practical applications [4]. Currently, Pt-based catalysts are regarded

as state-of-the-art ORR catalysts but suffer from severe problems

associated with rare resources, high cost, and vulnerable durabil-

ity [5]. Therefore, exploring nonprecious metal catalysts with out-

standing catalytic activity and stability as well as cost-effectiveness

is highly desired.

Nonprecious metal-based catalysts and heteroatom (such as N,

B, S, or F)-doped carbon materials [6–9] have been widely stud-

ied as potential candidates for replacing Pt-based catalysts and ex-

hibited high catalytic activity, long-term durability, and excellent

antipoisoning properties [10]. For heteroatom-doped carbons, the

higher electronegativity of heteroatoms relative to carbon atoms
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leads to electron modulation surrounding the carbon atoms, which

alters the charge distribution, electronic properties and chemical

activity of doped carbons [11–14]. The doping of N has been ex-

tensively studied due to its high electronegativity of 3.04, which

can induce the charge redistribution of adjacent carbon atoms

and create new catalytic sites that favor the adsorption of O2,

thereby enhancing the ORR activity of the electrocatalysts [15–

17]. It has been reported that pyridinic-N can increase the onset

potential and graphitic-N can enhance the electrocatalytic activity

[18]. Among all the heteroatoms, F has the largest electronegativ-

ity of 4.0, which can maximally regulate the charge distribution

on carbon atoms adjacent to F atoms, resulting in the formation

of C-F bonds (including ionic C-F, semi-ionic C-F and covalent C-

F bonds) [19]. It has been reported that F atoms bonded to ionic

and semi-ionic C atoms can act as electron acceptors to promote

charge transfer between F and C atoms, resulting in higher con-

ductivity and modification of the electronic properties of pristine

carbons [20,21]. Moreover, multi-heteroatom codoped carbon elec-

trocatalysts show amazing catalytic performances due to synergis-

tic effects [10,19,22-24].

In addition to heteroatom doping, nonnoble metal (such as Fe)-

doped carbon materials have been studied as promising candidates

for the ORR [25]. Fe-based nanoparticles such as Fe, Fe3C and FeNx

embedded in N-doped carbons have been reported to demonstrate

outstanding electrochemical performance toward the ORR in terms
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of activity and stability [26–28]. More importantly, the presence

of transition metals can facilitate the growth of carbon nanotubes

(CNTs). CNTs contribute to the electrical conductivity, mechanical

properties and chemical stability of the materials and facilitate

electron transfer within the carbon layer during the electrocatalytic

process [29,30]. Furthermore, doping CNTs can prevent the stack-

ing/aggregation of graphite under high-temperature annealing con-

ditions, thereby enlarging the specific surface area and exposing

more active sites for the ORR. In summary, multi-doped CNTs are

expected to exhibit enhanced electrochemical performances. Al-

though heteroatom-doped nanocarbons [31] and metal-doped car-

bons (such as carbon materials decorated with iron carbide or iron

nitride) [32–34] have been largely reported, they are not nanotube

structures, therefore, the fabrication of multi-doped carbon nan-

otubes remains an important challenge, and their electrochemical

behavior is rarely studied.

Herein, to take full advantage of the co-doping of heteroatoms

and nonnoble metals, we fabricated a novel Fe/N/F-tridoped CNTs

(FeNFCs) by pyrolyzing the postsynthesized F-Fe-MIL-88B-NH2

nanocrystals and melamine favoring CNT formation. The results

show that the pyrolysis temperature plays a key role in the forma-

tion of CNTs and the type of F species. FeNFC800 obtained at 800

°C shows a CNT morphology with a specific surface area of 519.41

m2/g, in which the F dopant is dominated by semi-ionic C-F bonds.

FeNFC800 exhibits a high half-wave potential (E1/2) of 0.829V vs.

RHE, substantially long durability and strong resistance to CH3OH

poisoning. Zn–air batteries assembled based on FeNFC800 deliver

a higher power density of 196mW/cm2, superior to that of the

benchmark 20% Pt/C (140mW/cm2). This work not only provides

an efficient electrocatalyst for the ORR but also demonstrates a

new approach for fabricating multiple-doped CNT.

The synthesis procedure of the FeNFC catalysts is displayed in

Scheme 1. Fe-MIL-88B-NH2 nanocrystals were first synthesized by

following previously described procedures (see the Experimental

section for detailed synthesis procedures in Supporting informa-

tion) [35]. Trifluoroacetic anhydride was then added to a CHCl3 so-

lution of Fe-MIL-88B-NH2 to obtain F-doped Fe-MIL-88B-NH2 (F-

Fe-MIL-88B-NH2) by the nucleophilic reaction of anhydride with

the amino groups of Fe-MIL-88B-NH2. Afterward, F-Fe-MIL-88B-

Scheme 1. Schematic illustration for the fabrication of FeNFC700/800/900 catalysts.

NH2 physically mixed with melamine was annealed at 700, 800

and 900 °C for 2h in a N2 atmosphere, and then the obtained prod-

ucts were washed with 1mol/L HCl for 12h to remove the solu-

ble substance. The finally obtained samples were named FeNFC700,

FeNFC800 and FeNFC900, respectively (Scheme 1). The melamine

addition favored the formation of CNTs and induced sufficient N-

species, which can promote the conductivity of the catalyst and

provide crucial active sites for the ORR [36]. Trifluoroacetic anhy-

dride addition was used to introduce F species that are useful for

the ORR [37].

The morphology of the prepared samples was first character-

ized by scanning electron microscopy (SEM). As shown in Figs. 1a

and b, shuttle-shaped structures of Fe-MIL-88B-NH2 and F-Fe-MIL-

88B-NH2 were observed. The XRD patterns of Fe-MIL-88B-NH2

corresponds exactly to the simulated XRD patterns (Fig. S1 in

Supporting information), indicating the successful synthesis of

Fe-MIL-88B-NH2 nanocrystals. Compared to Fe-MIL-88B-NH2, most

diffraction peaks of F-Fe-MIL-88B-NH2 slightly shifted to a lower

position, indicative of lattice expansion due to the decoration of

trifluoroacetic anhydride in the Fe-MIL-88B-NH2 lattices. The pres-

ence of new peaks at 2θ =12.0°, 23.3° and 24° and the absence

of a peak at 2θ =13.0° indicate that the addition of trifluoroacetic

anhydride affects the crystal structure of Fe-MIL-88B-NH2. After

heat treatment of a mixture of F-Fe-MIL-88B-NH2 and melamine,

a structural evolution from an amorphous carbon to carbon

tube-dominated carbon was observed with increasing temperature

Fig. 1. SEM images of (a) Fe-MIL-88B-NH2, (b) F-Fe-MIL-88B-NH2, (c) FeNFC700, (d) FeNFC800, and (e) FeNFC900. (f, g) TEM and (h, i) HRTEM and (j) HAADF-STEM images

of FeNFC800. (k) An overlay EDS element mapping image. Individual elemental mapping images of (l) C, (m) N, (n) F and (o) Fe.
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Fig. 2. (a) XRD, (b) Raman, and (c) N2 adsorption/desorption isotherms (inset: pore size distribution) of FeNFCs. XPS high-resolution spectrum of (d) Fe 2p, (e) N 1s and (f)

F 1s of FeNFCs.

(Figs. 1c-e). For instance, FeNFC700 shows an irregular morphol-

ogy (Fig. 1c) rather than a uniform shuttle-shaped structure. In

contrast, FeNFC800 and FeNFC900 exhibit carbon nanotube (CNT)

hybrid structures, but FeNFC900 has relatively few CNTs (Figs.

1d and e). This morphology transformation confirmed the crucial

effects of pyrolysis temperature on the resulting FeNFCs.

Transmission electron microscopy (TEM) was carried out to re-

veal detailed structural information about FeNFCs. FeNFC700 dis-

plays an amorphous carbon substrate with embedded particles.

FeNFC900 has very few bamboo-shaped CNTs accompanied by

amorphous carbons (Fig. S2 in Supporting information). FeNFC800

showed a large number of bamboo-shaped CNTs (Figs. 2f and

g), which is consistent with the SEM results. Additionally, clearly

defined lattice fringes can be resolved from the spherical Fe3C

nanoparticles at the end and joint of the bamboo-shaped CNTs

(high-resolution TEM images in Figs. 1h and i), featuring two inter-

planar spacings of 0.21 and 0.2 nm corresponding to the (211) and

(220) crystal planes of Fe3C, respectively. The growth of bamboo-

shaped CNTs could be ascribed to the rearrangement of supersatu-

rated carbon atoms precipitated on Fe3C particles [38–40], and the

elongation/contraction reshaping of Fe3C particles leaves a special

surface curvature and thus triggers the typical bamboo-like joints

[41]. CNT has a graphite layer spacing of 0.347nm, referring to the

(002) lattice plane of graphitic carbon (Figs. 1h and i).

High-angle annular dark-field scanning transmission electron

microscopy (HAADF-STEM) images and corresponding elemental

mapping showed that bright nanoparticles on the end and in the

middle of CNTs (Fig. 1j) were Fe. The C and N elements are uni-

formly distributed on carbon nanotubes (Figs. 1k-m), and the F el-

ement is more concentrated on Fe, indicative of the strong interac-

tion between Fe and F (Figs. 1n and o). The evolution of Fe species

with annealing temperatures was identified with X-ray diffraction

(XRD). From the XRD results in Fig. 2a, FeNFC700 showed charac-

teristic peaks of Fe3O4 that do not catalyze CNT growth. FeNFC800

showed diffraction peaks centered at 42.9° and 44.5°, correspond-
ing to the (211) and (220) facets of Fe3C (PDF#35–0772). FeNFC900

showed typical metallic iron diffraction peaks. Such transformation

from Fe3O4 and Fe3C to Fe with elevated temperature indicated the

stepwise carbon thermal reduction of iron species during pyrolysis.

Meanwhile, all three samples showed peaks at approximately 26°
and 43.6°, corresponding to the diffraction peaks of the (002) and

(101) crystal planes of graphite carbon (Fig. 2a) [42]. FeNFC800 dis-

played a sharp and intense peak at 26°, indicative of the enhanced

graphitization degree compared to others, which can be attributed

to the presence of highly graphitic CNTs. In addition, FeNFC800

showed diffraction peaks centered at 43.0°, 48.0° and 54°, corre-
sponding to the (102), (022) and (202) facets of Fe3C (PDF#35–

0772). As described above, Fe3C plays a crucial role in the growth

of bamboo-shaped carbon nanotubes, which could affect the ORR

catalytic performance of the as-prepared FeNFCs.

Raman spectra were obtained to evaluate the graphitization and

verify the surface defect level of FeNFCs. FeNFCs showed character-

istic D bands at ∼1360 cm−1 induced by disordered carbon and G

bands at ∼1580 cm−1 induced by graphitic carbon (Fig. 2b) [43].

Compared to FeNFC700 (ID/IG =1.07) and FeNFC900 (ID/IG =1.00),

FeNFC800 has the lowest ID/IG value (0.94), indicative of a lower

defect level and higher graphitization of FeNFC800. This enhanced

graphitization and lower defect degree of FeNFC800 may be at-

tributed to the generated CNT structures and is beneficial to elec-

tron transfer in the electrocatalytic process.

In addition to the graphitization and defect degree, which affect

the electronic transfer, the texture properties and pore structures

associated with mass transfer were analyzed by N2 adsorption-

desorption isotherms. As displayed in Fig. 2c, FeNFCs exhibited

type-IV isotherms with a hysteresis loop (P/P0 =0.45–1.0), sug-

gesting mesoporous structures [44]. According to the multipoint

Brunauer–Emmett–Teller (BET) method, the calculated specific sur-

face area (SSA) of FeNFC800 is 519.41 m2/g, which is higher than

those of FeNFC700 (507.17 m2/g) and FeNFC900 (438.22 m2/g) (Ta-

ble S1 in Supporting information). The pore size distribution of

FeNFC800 is mainly concentrated at ∼3.9 nm based on the BJH

model, and the median pore width calculated with the Horvath-

Kawazoe method is 0.75nm. More pore information of the pre-

pared samples can be found in Table S1. It can be speculated that

mesopore-dominant structures coupled with a high specific area

will contribute to accelerating the ORR process by providing spa-

cious accessible environments for fast mass transport (such as O2

penetration) and abundant active sites for O2 activation.
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Further structural details (for example, element composition

and valence states) of the samples were obtained from XPS mea-

surements. It can be seen from the full spectra that elements in-

cluding C, N, O, F and Fe were detected (Fig. S3 in Supporting in-

formation), suggesting the successful doping of Fe, N and F in FeN-

FCs. Fig. 2d shows the deconvoluted Fe 2p spectra for FeNFCs, in-

cluding Fe0 2p3/2 (706.85 eV) [45], Fe2+ 2p3/2 (709 eV) [46], Fe3+

2p3/2 (711 eV) [47], Fe2+ 2p1/2 (714.44 eV) [48], Fe0 2p1/2 (720.9 eV)

[49] and Fe3+ 2p1/2 (724 eV) [46,47]. The N 1s high-resolution

spectra of FeNFCs have four separated peaks at 398.2, 400.5, 401.3

and 403.8 eV, corresponding to pyridinic, pyrrolic N, graphitic N

and oxidized-N, respectively (Fig. 2e) [50–52]. FeNFC800 has the

highest graphitic N and pyridinic-N contents compared to the

other samples (Fig. S4, Table S2 and S3 in Supporting informa-

tion). It is well known that graphitic N and pyridinic-N can facili-

tate electron transfer by optimizing the local electronic structures

of the carbon matrix and act as active sites for the ORR, which is

beneficial for enhancing ORR performance [53,54].

The F element with the strongest electronegativity can greatly

modulate the electronic structure of the carbon matrix, thus fa-

voring the ORR process [20]. Interestingly, the high-resolution

F 1s spectra of FeNFCs are different from each other (Fig. 2f).

FeNFC700 and FeNFC900 are deconvoluted into semi-ionic C-F

bonds (688.0 eV) and covalent C-F bonds (689.7 eV) [55], with

semi-ionic C-F dominant in FeNFC700 and covalent C-F dominant

in FeNFC900. FeNFC800 is split into ionic C-F bonds (684.8 eV) and

semi-ionic C-F bonds (688.0 eV) [22]. Notably, ionic C-F is only ob-

served in FeNFC800, while covalent C-F is detected in FeNFC700

and FeNFC900. Semi-ionic C-F is observed in the three samples,

but it is very low in FeNFC900. Therefore, it can be concluded that

the F species is sensitive to the annealing temperatures. As previ-

ously reported, the contribution of F species to ORR performance

was in the order of ionic C-F > semi-ionic C-F > covalent C-F [56];

thus, different C-F species of the FeNFCs may affect the ORR cat-

alytic performances.

Due to the unique structural properties and multielement dop-

ing, FeNFCs are expected to be advantageous for the ORR. The

FeNFC catalysts were explored on a rotating disk electrode (RDE)

in N2/O2-saturated 0.1mol/L KOH solution. The four-electron ORR

pathway under alkaline conditions can be represented by:

O2 +H2O+ e− + ∗ → OOH∗ +OH− (1)

OOH∗ + e− → O∗ + OH− (2)

O∗ + H2O+ e− → OH∗ +OH− (3)

OH∗ + e− → OH− + ∗ (4)

in which ∗ represents an active site, and OOH∗, O∗, and OH∗ are

the adsorbed intermediates. As shown in Fig. 3a, cyclic voltam-

mograms (CVs, tested at a scan rate of 10mV/s) of FeNFCs dis-

played remarkable oxygen reductions. Additionally, the linear scan

voltammogram (LSV) curves were measured at a rotation rate of

1600 rpm and are plotted in Fig. 3b. FeNFC800 exhibits high ac-

tivity with an onset potential (Eonset) of 0.953V vs. RHE and half-

wave potential (E1/2) of 0.829V vs. RHE, which are more posi-

tive than those of FeNFC700 (Eonset =0.917V and E1/2 =0.779V vs.

RHE) and FeNFC900 (Eonset =0.93V and E1/2 =0.824V vs. RHE) and

comparable to the commercial 20 wt% Pt/C (Eonset =0.946V and

E1/2 =0.824V vs. RHE, respectively), suggesting the superior ORR

activity of FeNFC800 (Fig. 3c). Moreover, the ORR catalytic perfor-

mance of FeNFC800 is better than many reported doped- and non-

precious metal carbon catalysts (Table S4 in Supporting informa-

tion).

To gain insight into the reaction kinetics, rotating ring-disk

electrode (RRDE) measurements with rotating speeds ranging

from 400 rpm to 2025 rpm were carried out. As shown in Fig.

3d, the LSV curves of FeNFC800 display relatively wide current

plateaus below 0.6V, indicating a diffusion-controlled process. The

Koutecky−Levich (K-L) plots for FeNFC800 calculated from the LSV

polarization curves at different rotation speeds (Fig. 3e) showed

nearly parallel fitting lines, demonstrating potential-independent

electron transfer rate and first-order reaction kinetics associated

with the O2 concentration. The electron transfer number (n) is

calculated to be 3.6 according to the K-L plots (Fig. 3e), indica-

tive of the four-electron ORR pathway. Furthermore, FeNFC700,

FeNFC800 and FeNFC900 show Tafel slope values of 45.39, 47.74

and 49.14mV/dec, respectively, which are lower than that of Pt/C

(60.22mV/dec), suggesting the fast reaction kinetics of FeNFCs. In

addition, FeNFC800 exhibits a very low yield of the two-electron

product H2O2 (Fig. 3g), and the electron transfer number (n) is

measured to be 3.75–4.0 with a corresponding peroxide yield of

0–13% between 0.2V and 1V vs. RHE, further confirming the 4-

electron dominant process. In contrast, based on the LSV curves

of FeNFC700 and FeNFC900, the corresponding n values are calcu-

lated to be 3.3 and 3.0, respectively, indicative of the ORR catalytic

performance of FeNFC700 and FeNFC900 being inferior to that of

FeNFC800 (Fig. S5 in Supporting information).

Long-term stability and methanol tolerance are important fac-

tors for practical ORR applications. The durability of FeNFC800

and commercial 20% Pt/C was evaluated through current-time (i-

t) chronoamperometric measurements at 0.6V vs. RHE in O2-

saturated 0.1mol/L KOH at a rotation rate of 1600 rpm. As shown

in Fig. 3h, FeNFC800 reveals better durability with a current re-

tention of 94.6% after testing for 15000 s, while the Pt/C catalyst

degraded to 79.6% after 10000 s. The methanol tolerance experi-

ments for FeNFC800 and 20% Pt/C were measured in O2-saturated

0.1mol/L KOH with the addition of 2mL methanol into the elec-

trolytes. As depicted in Fig. 3i, a sharp drop in current density

occurred for Pt/C after methanol injection, while the current den-

sity of FeNFC800 remained, demonstrating the excellent tolerance

to methanol.

To highlight the contributions of F and N dopants to the ORR

performance, control experiments were designed and conducted.

According to the preparation procedure of FeNFC800, FeFC800 was

prepared without melamine addition, and FeNC800 was prepared

without trifluoroacetic anhydride addition (see Experimental sec-

tion in Supporting information). FeFC800 shows a non-CNTs amor-

phous structure, and FeNC800 shows an amorphous structure with

very few CNTs (Fig. S6 in Supporting information), which indi-

cates that melamine addition and trifluoroacetic anhydride deco-

ration during sample synthesis are important to the formation of

CNTs. The XRD and Raman results of FeFC800 further confirmed

the amorphous structure (Figs. S7a and b in Supporting informa-

tion). The strong peak at 26° in the XRD patterns of FeNC800 and-

FeNFC800 indicated that the introduction of melamine during sam-

ple synthesis greatly enhanced the graphitization. Consistent re-

sults were obtained from the Raman spectra, in which FeNC800

and FeNFC800 show lower ID/IG values of 0.90 and 0.94, respec-

tively, than FeFC800 (ID/IG =1.00) (Fig. S7b). Due to the non-CNT

structures, FeFC800 and FeNC800 have lower specific surface ar-

eas (Figs. S7c and d, Table S1 in Supporting information) than

FeNFC800. XPS measurement of FeFC800 confirmed the presence

of F, which is mainly in the form of covalent C-F and ionic C-F

(Fig. S8 in Supporting information), further confirming that 800 °C
is favorable for ionic C-F formation. However, covalent C-F bonds

are not observed in FeNFC800, indicating that the F species is

also influenced by the melamine addition in the sample synthesis.
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Fig. 3. (a) CV curves of the as-prepared samples in N2-saturated (dashed lines) and O2-saturated (solid lines) 0.1mol/L KOH electrolyte. (b) LSV curves of FeNFCs and Pt/C

in O2-saturated 0.1mol/L KOH electrolyte. (c) The corresponding histogram of the Eonset potential and E1/2 potential. (d) LSV curves of FeNFC800 in O2-saturated 0.1mol/L

KOH electrolyte at different rotation speeds. (e) K-L equations at different potentials. (f) Tafel slope curve of FeNFCs and Pt/C. (g) Electron transfer number and H2O2% of

FeNFC800. (h) Current-time curve of FeNFC800 and Pt/C in O2-saturated 0.1mol/L KOH solution at a rotating speed of 1600 rpm and a potential of 1.5V vs. RHE was applied

on the ring to collect the H2O2 current. (i) Current-time curve of FeNFC800 and commercial Pt/C; 2mL methanol was added to the solution at 250 s.

XPS of FeNC800 confirmed the presence of pyridinic N, pyrrolic N,

graphitic N and oxidized-N (Fig. S9 and Table S3 in Supporting in-

formation), similar to FeNFC800, suggesting that the N species was

not affected by trifluoroacetic anhydride.

The ORR performances of FeFC800 and FeNC800 were first

studied by CV (Fig. S10a in Supporting information). The onset and

half-wave potentials for FeFC800 and FeNC800 are 0.880/0.765 and

0.861/0.735V vs. RHE, respectively, which are much lower than

those of FeNFC800 (0.953/0.829V vs. RHE) (Figs. S10b and c in

Supporting information), showing the significant contributions of

N and F elements to the ORR performance. Given the similar F con-

tents of FeFC800 and FeNFC800, the low ORR activity of FeFC800

can be attributed to the low content of N species (Tables S2 and

S3). Although the FeNC800 sample has a higher N content than

FeNFC800, the E1/2 (0.735V vs. RHE) is the lowest among the five

samples, suggesting a more significant contribution of F to the ORR

performance. The Tafel slopes of FeFC800 and FeNC800 are calcu-

lated to be 37.05 and 57.65mV/dec, respectively (Fig. S9d), which

are lower than that of Pt/C (60.22 in Fig. 3c). The electron transfer

number is calculated to be 3.3 for FeFC800 and 3.1 for FeNC800,

which is lower than that of FeNFC800 (3.6), indicative of the in-

ferior ORR performance to FeNFC800. Thus, the prominent ORR

catalytic performance of FeNFC800 is suggested to come from the

unique Fe-induced bamboo-shaped carbon nanotube structure and

the compositional features of the catalyst, including rational N and

F doping.

FeNFC800 shows a more positive half-wave potential of 0.829V

vs. RHE compared with FeFC800 and FeNC800, revealing that the

N and F dopants enhanced the activity toward the ORR due to

the amelioration electronegativity of carbon [23,57]. In addition,

Fe ions were reduced at high temperatures, forming Fe3C ORR ac-

tive sites [58]. The decent performance of FeNFC800 can be as-

cribed to the synergistic effects of multiple factors. The above

control experiments confirmed that the doping of N and F is

beneficial to catalyzing ORR. The graphitic N, pyridinic N, and

F doping are conducive to the electrochemical ORR [19,56,59].

FeNFC800 has the highest graphitic N and pyridinic-N contents,

and the largest specific surface area, ensuring more active sites

exposure during the electrochemical ORR reaction. Moreover, the

ionic C-F bond is considered to be the most active for ORR

among ionic/semi-ionic/covalent C-F [56], leading to higher elec-

trocatalytic activity towards ORR and better ORR performance of

FeNFC800.

Inspired by the superior ORR catalytic performance, the prac-

tical application of the as-prepared FeNFC800 for Zn-air batter-

ies was also studied. Fig. 4a displays a schematic illustration of a

homemade Zn-air battery (ZAB), which is assembled by using the

FeNFC800 catalyst (loading mass=1mg/cm2) on the gas diffusion

layer as the air cathode, a Zn plate as the anode (Zn metal has

been widely used in batteries [60–62]), and 6mol/L KOH solution

as the electrolyte. The noble metal benchmark pair (20% Pt/C) was

employed as a control catalyst in the same Zn-air battery assem-

bly. The FeNFC800-constructed ZAB delivers an open circuit voltage

(OCV) of 1.56V, outperforming the 20% Pt/C catalyst (1.47V) (Fig.

4b), indicating the higher cell potential and the enhanced abil-

ity of FeNFC800 to drive electrical appliances. The galvanostatic

discharge curve of the FeNFC800 catalyst is retained after 20000

s of operation, suggesting the potential of FeNFC800 in practical

applications (Fig. 4c). Two of the connected ZAB devices can be

used to drive a red light-emitting diode (Fig. 4c). Moreover, Fig.

4d shows the polarization discharge curves and the corresponding

power density curves of the ZAB based on the FeNFC800 and Pt/C

catalysts. The maximum power density of the FeNFC800-based ZAB

is evaluated to be as high as 196mW/cm2, which is much better
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Fig. 4. (a) Schematic diagram of the Zn-air battery. (b) Open circuit voltage of Zn-

air battery based on FeNFC800 and Pt/C. (c) Galvanostatic discharge curve of the

Zn-air battery based on FeNFC800 at 10mA/cm2, inset: Optical photograph of a red

light-emitting diode driven by two FeNFC800-based ZABs connected in series. (d)

Discharge polarization curves and the corresponding power density curves of the

ZAB based on FeNFC800 and the Pt/C catalyst. (e) A comparison of the FeNFC800-

based ZAB with the reported works.

than that of the commercial Pt/C catalyst (140mW/cm2), further

demonstrating that the FeNFC800 catalyst is a promising substi-

tute for the traditional Pt/C in practical applications. Furthermore,

the power density of the FeNFC800-based ZAB is much better than

many reported works (Fig. 4e) [63–84], which exhibits great po-

tential in actual applications as an energy source.

In summary, Fe/N/F-tridoped carbon nanotubes were ratio-

nally designed and prepared by annealing physically mixed triflu-

oroacetic anhydride-decorated Fe-MIL-88B-NH2 nanocrystals and

melamine in an Ar atmosphere at 800 °C. The characterization

results show that the obtained FeNFC800 has a CNT-dominated

structure with a large specific surface area, a high content of

pyridinic/graphitic nitrogen, ionic/semi-ionic C-F bonds, and Fe3C

species. This unique structure enables the FeNFC800 catalyst to

outperform the benchmark 20% Pt/C in ORR performances by

showing higher E1/2 and Eonset, stronger methanol tolerance and

better long-term durability. More importantly, the FeNFC800-

based Zn–air battery exhibits a much higher power density

(196mW/cm2) than 20% Pt/C (140mW/cm2). The present study not

only provides a promising electrocatalyst for the ORR in metal-air

batteries but also highlights the crucial effects of Fe, N and F on

the ORR performance.
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