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a b s t r a c t

Strategic active site organization is imperative for the advancement of effective and long-lasting cata-

lysts of oxygen reduction reactions. However, the controllable multi-active site design is a highly intricate

topic for catalyst synthesis. Employing pre-trapping and post-activation strategy, Fe-N bonding structure

and S, Se functionalized heteroatom are integrated into a conductive porous carbon. In this process, the

nitrogen-abundant polymer 1,3,5-triformylbenzene-tris(4-aminophenyl)benzene (Tf-TAPA) adsorbs Fe3+

under the intrinsically metal anchoring ability of N atoms and simultaneously in-situ assembles long-

chain thiophene-S. Subsequently, the Fe3+ is transformed into Fe-Nx moieties with the conversion of the

organic chain to incompletely graphitized carbon. Furthermore, the alteration of the electronic configu-

ration achieved through the introduction of dual-atom S and Se leads to a pronounced enhancement in

catalytic efficiency. Benefitting from the Fe-Nx bonding structure, dense structural defects, and conductive

carbon networks, the resultant Fe-S,Se/NCNs possesses a positive half-wave potential of 0.86 V and a 90%

current retention rate, outstripping the Pt/C benchmark. Moreover, the liquid and flexible ZAB driven by

Fe-S,Se/NCNs achieves large power densities of 259.7 and 164.7 mW/cm2, respectively. This study pro-

vides a new comprehension in developing an efficient and stable M-N-C oxygen electrocatalyst.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Efforts to develop efficient energy storage and conversion de-

vices have gained considerable significance in light of the ris-

ing energy needs of consumable electronics and electric vehicles

[1,2]. Among them, ecological friendliness, safe production, as well

as a high theoretical specific capacity (1084 Wh/kg) are satisfac-

tory spotting merits for zinc-air battery (ZAB) [3], thereby being

deemed an appropriate candidate in next-generation energy sys-

tems. One of the bottlenecks of this apparatus is starved for slug-

gish reaction kinetics on the air electrode, which terribly weakens

the overall electrochemical performance [4–6].

Special transition metals are coordinated with nitrogen moieties

to establish a highly proficient catalytic activity through the cre-

ation of a robust bonding architecture denoted as M-N-C, where

the M encompasses prominent candidates such as Fe, Mn, and Co

[7,8]. Especially Fe atoms-nitrogen coordination (Fe-Nx) supported
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on carbon matrix catalysts is regarded as the most prospective sub-

stitute to replace PGM on account of economic affordability, simple

fabrication, and attractive catalytic activity. Fe-Nx is generally con-

sidered as the real active site for absorbing O2 and catalyzing the

subsequent ORR kinetics [9–11]. A frequently employed technique

for the fabrication of Fe-N-C catalysts in conventional systematic

synthesis involves the thermal decomposition of carbon, nitrogen,

and iron precursors at elevated temperatures. Nevertheless, hybrid

thermolysis leads to uncertainties in reference to the amount and

location of active sites and a drastic decline in catalytic activity

[12]. The use of extra micromolecular nitrogen sources or novel

organic nitrogen-containing polymers to trap iron atoms are the

universal and valid strategy for high-density active center cata-

lysts. While micromolecular nitrogen sources can cause the col-

lapse or destruction of the microporous structure [13]. The pri-

mary limitations of nitrogen-containing polymers also inhabit the

deep concealment of a large number of metal centers in a car-

bon matrix [14,15]. Therefore, it is desired to consider the mor-
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phological characteristics of carbon substrate that influence the ac-

tive site density and accessibility. It should be pointed out that

the Fe-N-C catalyst confronts a few deficiencies likewise. There are

briefly described below [16–18]: (1) Unitary Fe-Nx sites are lim-

ited in efficiency to drive multi-electron and multi-proton trans-

fers. (2) The defect-graphitization tradeoff significantly impacts the

catalytic activity and long-term stability of Fe-Nx sites. (3) The ex-

cessively strong binding strength between the Fe-N-C active cen-

ter and the oxygen intermediate will hinder the transfer of pro-

tons and electrons. Some attention is paid to adjust the M-Nx lo-

cal electronic structure by virtue of doping, defect engineering, and

ligand modulation, etc., which is beneficial to improving their in-

trinsic ORR catalytic activity [19–22]. When different dopant is in-

troduced into the carbon matrix, the selectable electronic microen-

vironment is arranged for modular catalyst design. In recent years,

in-situ modifying the carbon base with sulfur can reduce the d-

band center of Fe atoms to lower the adsorption energy [23]. Sele-

nium has similar electronic properties to sulfur, and it can help in-

crease the charge density around Fe-Nx species, thereby enhancing

charge transfer and improving conductivity [24]. Apart from imple-

mented modifications affecting the ORR activities, larger size S and

Se cause carbon defects and increase surface areas and porosity

to make more rapid mass and charge transfer [25]. Moreover, the

synergy of multi-heteroatom modification can also enhance oxy-

gen reduction activity to a greater extent [26]. When introducing

appropriate heteroatoms into the carbon matrix, it not only trig-

gers a redistribution of the electronic structure but also facilitates

the creation of enhanced electrochemically accessible active sites.

However, more attempts are needed to regulate Fe-N-C activity by

multi-heteroatom modification, and these observations can be fur-

ther unified for more consistent conceptual guidance.

In this work, we elaborately design uniform F-Nx bonding con-

struction on S, Se co-decorated carbon matrix through pre-trapping

and post-activation strategy for efficient ORR. The Fe3+ and long-

chain thiophene-S species are efficiently fixed onto N-containing

polymer 1,3,5-triformylbenzene-tris(4-aminophenyl)benzene (Tf-

TAPA) via a facile one-pot fabrication. Through subsequent car-

bonation and selenization processes, a wealth of topological de-

fects are effectively generated, giving rise to the exposure of Fe-Nx

species formed in-situ within the porous carbon matrix. Taking the

advantages of the sulfur-, selenium-functionalized carbon matrix

and high activity Fe-Nx moiety, the as-synthesized Fe-S,Se/NCNs

achieves excellent ORR catalytic performance.

The synthetic route of Fe-S,Se/NCNs is schematically depicted

in Fig. S1 (Supporting information), which involves the polymer-

ization route and two-step annealing step. Control catalysts are

prepared using identical methodology, particularly the Se-excluded

S-doped nitrogen-carbon matrix (Fe-S/NCNs), and nitrogen-carbon

nanospheres (NCNs) obtained by direct thermal decomposition of

Tf-TAPA precursor.

The tris(4-aminophenyl)amine and triformaldehyde undergo an

in-situ Schiff-base reaction to form Tf-TAPA. The prominent stretch-

ing vibration at 1625 cm−1 confirms the successful formation of

C=N groups in Tf-TAPA (Fig. S2 in Supporting information). The

polymer Tf-TAPA exhibits a nanosphere morphology with a 200 nm

average diameter via scanning electron microscopy (SEM) images

(Fig. S3 in Supporting information). After carbonization in the Ar

atmosphere, the NCNs inherits a spherical morphology (about 150

nm in diameter) and a rough surface in Fig. S4a (Supporting infor-

mation). As confirmed in Fig. 1a and Fig. S4b (Supporting informa-

tion), the as-synthesized Fe-S,Se/NCNs and Fe-S/NCNs have distinct

3D cross-linked structures with clear pores and furrows.

The detailed structure is revealed through transmission electron

microscopy (TEM). In Fig. 1b, Fe-S,Se/NCNs has loose and rough

morphology and no obvious agglomerate iron or nanoparticles,

implying the isolation manner metal site. From the high-resolution

TEM (HRTEM) image in Fig. 1c, Fe-S,Se/NCNs possesses lux-

uriant graphene-like wrinkles on the edges, which promotes

electrolyte infiltration and supplies a large number of contact

points. Furthermore, the observed graphitic carbon layers within

the carbonaceous substrate serve as a protective barrier, mitigating

the potential corrosion of active species. The elemental mapping

exhibits the homogeneous presence of C, N, O, S, Fe, and Se

throughout the rough surfaces and wrinkled edges (Fig. S5 in

Supporting information).

Through the X-ray diffraction (XRD), a comprehensive investi-

gation into the crystalline structures is conducted (Fig. 1d). The

diffraction pattern of Fe-Se,S/NCNs exhibits prominent peaks at

24.3° and 43.6°, originating from the (002) and (100) planes of

conventional graphitic carbon, respectively [27]. Similarly, typi-

cal reflection planes of carbon material are observed in both Fe-

S/NCNs and NCNs. While the carbon characteristic peaks of Fe-

S,Se/NCNs have deviated to the left in comparison with NCNs

and Fe-S/NCNs. In accordance with the Bragg equation, the dis-

placement is ascribed to a discernible increase in the interlayer

spacing among sp2 carbon layers, achieved through the success-

ful intercalation of Se and S atoms [6,28]. In Fig. 1e, the sp3 hy-

bridized carbon is denoted by a prominent diffraction peak at

around 1347 cm−1 (D band), while the sp2 graphitic carbon is

represented by another distinct peak at approximately 1589 cm−1

(G band) [29]. Upon multielement modification, the comparatively

larger ID/IG value (0.93) of Fe-Se,S/NCNs compared to Fe-S/NCNs

(0.91) and NCNs (0.88) points to the presence of more topological

defects. Additionally, the identification of the 2D band observed in

Fig. 1. (a) SEM images, (b) TEM images, (c) HRTEM images of Fe-S,Se/NCNs. (d) XRD patterns. (e) Raman spectrum. (f) N2 adsorption-desorption isotherms.
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Fe-S,Se/NCs indicates the existence of few-layer graphene follow-

ing the pyrolytic transformation. Consequently, the catalytic per-

formance and durability of Fe-S,Se/NCs are effectively bolstered

through the concerted reinforcement of graphitic crystallinity and

defect concentration [30–32].

The well-developed porosity and extensive surface area are sig-

nificant properties for catalytic, and thus, the surface-to-volume ra-

tio and total pore volume of the materials are studied through N2

adsorption-desorption isotherms. Within the pressure range span-

ning from low to high (P/P0), the three samples distinctly exhibit a

Type IV isotherm characterized by a well-defined H4-type hystere-

sis loop [33], indicating the simultaneous presence of microporous

and mesoporous structures (Fig. 1f). The micro-/mesoporosity en-

genders a robust three-phase interface (gas, liquid, and solid com-

ponents), augmenting the contact region between the electrode

and electrolyte, and facilitating swift mass transfer in the con-

text of the ORR [34]. Concerning BET surface area and total pore

volume, the sequence is manifestly ranked as Fe-S,Se/NCNs > Fe-

S/NCNs > NCNs (Fig. S6 in Supporting information). With the in-

troduction of S, Se, and Fe, substantial changes in the morphology

are able to take place, where the SSA of porous carbon expands

from 454.0 m2/g to 637.1 m2/g, and the total pore volume increases

from 0.184 cm2/g to 0.271 cm2/g. Qualitatively, the morphological

transformation is confirmed to affect the surface-to-volume ratio.

Besides, it can be definitely seen that doping of selenium has the

advantage of increasing the micropore surface area.

The structural stability and composition are identified utiliz-

ing thermogravimetric analysis (TGA) in the air environment. As

shown in Fig. S7 (Supporting information), with the temperature

rising, carbon skeleton and iron matter continue to oxidize, and

ultimately produce CO2, H2O, and other comprehensive products

during thermal decomposition, in which the final residue in Fe-

S,Se/NCNs is 4.7% Fe2O3. Although the TG curve shows a very

similar mass loss pathway, the decomposition temperature of Fe-

S,Se/NCNs (370.6 °C) is lower than that of NCNs (431.4 °C) and Fe-

S/NCNs (376.8 °C). On this subject, more defects and disordered

structures in Fe-S,Se/NCNs may have an impact on thermostability

[35,36].

The surface element in each of the samples is also exploited

by X-ray photoelectron spectroscopy (XPS). In Fig. 2a, the Fe-

S,Se/NCNs full survey spectra spots the appearance of C, N, O, S,

Se, and Fe signals that match well with the mapping data. The

surface elemental composition is summarized in Table S1 (Sup-

Fig. 2. (a) The XPS full spectra. (b) Se 3d XPS spectra. (c) Fe 2p XPS spectra. (d) C

1s XPS spectra.

porting information). Interestingly, a notable feature is the Fe con-

tent increasing from 0.33% in Fe-NSCNs to 0.49% in Fe-S,Se/NCNs.

Given the high surface sensitivity of the XPS technique [37–39], the

higher surface metal concentration in Fe-S,Se/NCNs corroborates

with the increase in microporosities observed in specific surface

area, which reflects the key role of Se activators to expose Fe-Nx

within the micropores.

High-resolution XPS is provided to present insights into the

bonding configurations. In Fig. S8a (Supporting information), the

N 1s spectra of NCNs can be divided into four types of contri-

bution belonging to pyridine N, pyrrole N, graphite N, and oxide

N, respectively [40,41]. The absolutely high pyridinic/pyrrole sites

in NCNs are of significant effects on the coordination operation,

and the decrease in pyridinic N and pyrrole N following coordina-

tion with Fe species is clearly corroborated in Table S2 (Support-

ing information). Likewise, a new contribution appeared in both

Fe-S/NCNs and Fe-S,Se/NCNs is ascribed to the formation of F-N

moieties (Figs. S8b and c in Supporting information). In these cir-

cumstances, all the implements adopted forcefully indicate Fe-N

configuration instead of agglomerate Fe, the Fe-Nx active sites ap-

pear to be rational. In Fig. S9a (Supporting information), the high-

resolution S 2p spectrum reveals the signal of thiophene-like C-

S-C structure and C-SOx species presented in Fe-S/NCNs, located at

164.1, 165.2, 167.6, and 168.7 eV, respectively [42]. The previous re-

port highlights thiophene S in governing spin-orbit coupling within

the resultant, thereby enhancing the catalytic efficacy of the ORR,

while the C-SOx signal signifies the low activity sulfur oxide [43].

Apart from thiophene structures, the new signal in Fe-S,Se/NCNs is

assigned to Se 2p3/2 and Se 2p1/2 whose binding energy overlaps

with S 2p orbital (Fig. S9b in Supporting information). In Fig. 2b,

the high-resolution Se 3d spectrum of Fe-S,Se/NCNs can be re-

solved well into the predominant C-Se component and weeny Se-

O form, corresponding to 56.1, 57.0, and 58.8 eV, respectively [44].

The Fe 2p XPS spectrum in Fig. 2c showcases Fe 2p3/2 peaks span-

ning from 705 eV to 718 eV for both Fe-S/NCNs and Fe-S,Se/NCNs,

signifying the plausible occurrence of iron in an oxidized state

[45]. Worth highlighting is the distinctive phenomenon wherein

the band center of Fe-S,Se/NCNs undergoes a discernible redshift

of about 0.8 eV relative to that of Fe-S/NCNs. The binding energies

characterizing C 1s in the assorted fabricated samples have a dis-

cernible shift toward higher binding energies (Fig. 2d). The effects

imparted by S and Se dopants are underscored by shifts of 0.2 eV,

consecutively manifested in the Fe-S,Se/NCN. This perceptible shift

is emblematic of modifications occurring in the vicinity of carbon

atoms adjacent to the introduced S and Se dopants. The interplay

of S and Se dopants highlights synergistic effects, fostering the pro-

motion of the ORR process [46–50].

According to the prospective properties of the aforesaid intro-

duction, standard three-electrode electrochemical tests are con-

ducted to assess the electrochemical performance. The unmodified

counterpart NCNs presents a lower cathode peak at 0.63 V. The

Fe-S,Se/NCNs displays a reduction peak at 0.81 V superior to Fe-

S/NCNs, and a weeny discrepancy of 0.03 V between Fe-S,Se/NCNs

and Pt/C reveals the close ORR catalytic performance (Fig. 3a and

Fig. S10 in Supporting information). In Figs. 3b and c, the LSV

curve of NCNs has an inferior half-wave potential (E1/2) at 0.67

V. Upon Fe and S modification, the E1/2 of Fe-S/NCNs significantly

increases to 0.72 V. Meanwhile, the Fe-S,Se/NCNs demonstrates a

distinct diffusion-limited area and a higher E1/2 (0.86 V) than the

Pt/C benchmark (0.84 V). Although the limiting current density

(Jd) exhibited by the materials remains below the commercial Pt/C,

the incorporation of Se emerges as a significant factor contribut-

ing to the reinforcement of ORR and electrical conductivity [51,52].

Quantitative evaluations on the Tafel slope are conducted and com-

pared with all materials. In Fig. 3d, the derived Tafel slope of Fe-

S,Se/NCNs (55.8 mV/dec) demonstrates the lowest value compared

3
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Fig. 3. (a) CV curve. (b) LSV polarization curves. (c) Comparison of E1/2 and Jd. (d)

Tafel plot. (e) I-t curve. (f) The methanol crossover test.

to Fe-S/NCNs (108.1 mV/dec), NCNs (118.2 mV/dec), and the com-

mercially available Pt/C (132.1 mV/dec). The minimum Tafel slope

associated with Fe-Se,S/NCNs, relative to alternative catalysts, sig-

nifies the presence of more advantageous reaction kinetics during

the ORR progression.

The stabilization is represented as another important criterion

to weigh the catalytic performance. In Fig. 3e, the current density

of Fe-S,Se/NCNs exhibits a 10% reduction in a continuous opera-

tion. In contrast, a notable 27% decrease occurs in the Pt/C bench-

mark after 15000 s, ascribed to the disengagement, inactivation,

and migration of Pt nanoparticles from the carbon substrate dur-

ing operation [53]. In Fig. 3f, the current of Fe-S,Se/NCNs fluctu-

ates marginally upon 3 mol/L methanol addition to 0.1 mol/L KOH,

then, rapidly recovers and keeps stable during the 1000 s period.

Whereas Pt/C experiences a substantial 48% drop in current reten-

tion upon methanol addition. Evidently, the graphitic carbon ar-

chitecture of the Fe-S,Se/NCNs showcases superior corrosion and

oxidation resistance, resulting in pronounced anti-dissolution abil-

ities throughout its operational course. As illustrated in Fig. S11

(Supporting information), the Jd of the Fe-S,Se/NCNs rises with

the rotational speed due to the curtate transmission distance and

stepped-up mass transfer. According to the Koutecky-Levich (K-L)

equation, the corresponding data of Fe-S,Se/NCNs is calculated to

obtain an average electron transport number n ≈ 3.9. Therefore,

Fe-S,Se/NCNs possesses high energy conversion efficiency and sta-

bility via a 4-electron pathway as opposed to a 2-electron path-

way [54,55]. The CV curves display a featureless quasi-rectangle

in the non-Faraday region, whose area expands with the increas-

ing scanning rate (Fig. S12 in Supporting information). Upon anal-

ysis of the Cdl, the electrochemical active surface area (ESCA) of

Fe-S,Se/NCNs, Fe-NSCNs, and NCNs are calculated to be 12.23, 7.25,

and 3.01 mF/cm2, respectively (Fig. S13 in Supporting information).

This observation underscores that the augmentation in the density

of adsorption/desorption sites on Fe-S,Se/NCNs can be attributed

to the enhancement of surface defects engendered by heteroatom

doping.

Fig. 4. (a) Schematic illustration of flexible solid ZAB. (b) Photograph of PVA elec-

trolyte. (c) Discharge polarization and power density curves. (d) Rate capability.

However, apart from the impact of S and Se modification on

catalytic performance, the catalyst also features the inclusion of

metallic Fe-Nx sites. Regarding this aspect, a systematic SCN− poi-

soning experiment is carried out to better understand the role of

defect structure and Fe-Nx units [4]. In Fig. S14 (Supporting in-

formation), the E1/2 of NCNs is virtually uninfluential after the

SCN− addition, while the decrease in Jd is ascribed to the pos-

itively charged graphite N incorporated with SCN− through elec-

trostatic attraction. When SCN− successfully binds the Fe-Nx sites,

the E1/2 of Fe-S/NCNs and Fe-S,Se/NCNs negatively shift 39 mV and

21 mV, respectively. Furthermore, The sequence of reference cata-

lysts in terms of E1/2 and Jd is as follows: Fe-S,Se/NCNs > Fe-S/NCN

> NCNs. This finding provides evidence for the considerable de-

fect formation resulting from co-doping with sulfur and selenium,

thereby effectively accelerating the catalytic process. Collectively,

the superior activity of the Fe-S,Se/NCNs can be related to the fol-

lowing primary features: (1) Appropriate graphitization and defect

degree formed in the Fe-S,Se/NCNs improve electronic conductivity

and long-term stability; (2) High surface area and porous structure

accelerate electrolyte access to active sites; (3) Skillful regulation of

atomic Fe doping on the carbon surface ensures the generation of

exceptionally valuable and evenly distributed Fe-Nx bonding archi-

tectures; (4) Incorporating S and Se atoms into the N-doped carbon

framework facilitates the redistribution of carbon charge and spin.

Motivated by urgent requirements for portable equipment of

wearable apparatuses, we fabricate flexible ZAB (Fig. 4a). In Fig. 4b,

the polyvinyl alcohol (PVA) hydrogel holds a very flexible and

bendable nature, and it is stretched to five times as long as the

original length without the fracture or breakage, verifying its ex-

traordinary mechanical strength. The flexible solid ZAB powered

by Fe-S,Se/NCNs holds a stable OCP of 1.38 V in a 1000 s period

(Fig. S15 in Supporting information). As demonstrated in Fig. S16

(Supporting information), the Fe-S,Se/NCNs-base flexible ZAB can

maintain an unwavering voltage of 1.38 V when subjected to

bending at diverse angles without a significant potential drop. In

Fig. 4c, a peak power density of 164.7 mW/cm2 at 337.4 mA/cm2

stems from the ZAB driven by Fe-S,Se/NCNs. Fig. 4d shows the Fe-

S,Se/NCNs at different discharge current densities from 5 mA/cm2

to 30 mA/cm2, respectively. With a gradual increase in current

density from 5 mA/cm2 to 30 mA/cm2, the battery voltage experi-

ences a slow decline followed by a prompt stabilization. The volt-

age ultimately reverts to its initial plateau as the current density

is gradually reduced. In Fig. S17 (Supporting information), the gal-

vanostatic discharge test at 2.5 mA/cm2 for 180 min discloses the

discharge voltage of Fe-S,Se/NCNs with a small potential change
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of 0.03 V (from 1.30 V to 1.27 V). These results reveal that Fe-

S,Se/NCNs has good catalytic stability and a promising prospect of

practical application in wearable ZAB. Moreover, the superiority of

this catalyst is confirmed in the context of liquid ZAB, where it ex-

hibits notable discharge stability and a higher peak power density,

as indicated in Fig. S18 (Supporting information).

In summary, we successfully prepare multi-component material

consisting of Fe-Nx bonding structures and heteroatom (S and Se)

functional carbon. Impressively, the Tf-TAPA offers a tough struc-

ture and abundant N concentration coordinated with Fe to anchor

on a cross-linked structure. The sulfur and selenium access the in-

completely graphitized carbon layer to form a number of defect

structures and expose the Fe-Nx bonding configuration, which im-

proves the count of active sites. The synergistic effect of dispersed

Fe-Nx moieties combined with functionalized S and Se can make

more rapid electron transport in the ORR process. Moreover, con-

tinuously hierarchical porosity contributes to the enhanced expo-

sure of electrochemistry available sites. Therefore, the as-prepared

Fe-S,Se/NCNs has an excellent ORR performance. This work estab-

lishes a novel avenue for the design and fabrication of electrocata-

lysts with efficacy and robustness.
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