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a b s t r a c t

To address the insulating nature and the shuttle effect of iodide species that would deteriorate the bat-

tery performance, herein iron nitride is well-dispersed into porous carbon fibers with good flexibility via

the facile electrospinning method and subsequent pyrolysis. The polyacrylonitrile precursor introduces

the nitrogen doping under thermal treatment while the addition of iron acetylacetonate leads to the in-

situ formation of iron nitride among the carbon matrix. The crucial pyrolysis procedure is adjustable to

determine the hierarchical porous structure and final composition of the novel carbon fiber composites.

As the self-supporting electrode for loading iodine, the zinc-iodine battery exhibits a large specific capac-

ity of 214 mAh/g and good cycling stability over 1600h. In the combination of in-situ/ex-situ experimental

measurements with the theoretical analysis, the in-depth understanding of intrinsic interaction between

composited support and iodine species elucidates the essential mechanism to promote the redox kinetics

of iodine via the anchoring effect and electrocatalytic conversion, thus improving cycling life and rate

performance. Such fundamental principles on the basic redox conversion of iodine species would evoke

the rational design of advanced iodine-based electrodes for improving battery performance.

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

Medica, Chinese Academy of Medical Sciences.

With the rapid development of science, technology and social

progress [1,2], it is urgent to develop novel rechargeable batteries

to meet the requirements for energy storage. Rechargeable metal-

halogen batteries as promising energy storage devices are attract-

ing much attention [3,4]. With organic electrolytes, alkali metals

including lithium [5–8], sodium [9], and others metals are used as

anodes to fabricate rechargeable batteries [10,11]. The metal zinc

with high theoretical capacity (820 mAh/g) is abundant and rela-

tively inert to air in comparison with other metals [12,13]. Aqueous

electrolytes with good ionic conductivity are safer compared to or-

ganic systems. Thus, zinc has been coupled with iodine to fabricate

rechargeable zinc-iodine batteries [14].

With the increasing attention, it is found that the capacity per-

formance and cycling stability are seriously impeded by the poor

conductivity of iodine, the dissolution and shuttle effect of iodine

species in electrolyte, resulting in the irreversible capacity fading.

Therefore, polymers [15,16], MOFs [17–20], and multidimensional

carbon materials are reported as cathode materials to inhibit ca-

pacity degradation [21]. Various porous carbon, active carbon fiber

(ACF) [22], layered MXene [23,24], graphene [25], CNT and double-
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layer cathode are reported as the candidate materials to improve

the performance of rechargeable zinc-iodine batteries [26,27]. Im-

portantly, the modification of carbon skeleton with metal and/or

non-metal elements and compounds can further promote the bat-

tery performance [28]. Transition metal oxides, sulfides, nitrides

and carbides exhibit electrocatalytic properties for electrocatalysis.

Among them, polar iron nitride (Fe2N) with good electronic con-

ductivity and intrinsic catalytic activity is expert in a wide range

of applications. Especially, amorphous Fe2N structure is crucial to

achieve rich defects, that can provide more catalytic sites to pro-

mote reaction kinetics [29]. Therefore, it is highly desirable to en-

hance the iodine adsorption and redox conversion via the incorpo-

ration with metal carbide or nitride for accelerating electron trans-

fer and improving the reaction kinetics.

As the facile way to produce fibrous materials with control-

lable diameter and length [15], electrospinning method is com-

bined with the thermal treatment to fabricate three-dimensional

porous carbon fiber-based materials. By use of polymers (e.g., PAN,

PVP, PVA, PA) as carbon source, the obtained carbon fibers are

widely investigated in the energy applications [30]. However, the

one-step preparation of metal nitride embedded carbon fibers is

rarely reported as conductive support for loading iodine and their

underlying interaction mechanism is not clear for fabricating zinc-
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Fig. 1. (a) Schematic illustration for the mechanism of zinc-iodine battery. (b) SEM

images of Fe-NCF-700–500, (c) Fe-NCF-800–500, (d) Fe-NCF-900–500. (e, f) TEM

images of Fe-NCF-700–500 and SAED pattern. (g) EDS, (h) STEM image, and (i) cor-

responding elemental mapping images of Fe-NCF-700–500.

iodine battery. Herein, we demonstrated the preparation of iron ni-

tride decorated N-doped carbon fiber as conductive host to immo-

bilize iodine via the combination of electrospinning method and

carbonization process. With the maximum active material utiliza-

tion and optimal structural stability, iodine was loaded to fabricate

advanced zinc-iodine battery, exhibiting large capacity and im-

proved cycling stability. Combined with the experimental results,

the theoretical calculations revealed the chemical interaction be-

tween iodine and different substrates along with the physical trap-

ping enhancement to iodine adsorption, thus improving the bat-

tery performance. The fundamental study provides basic guidelines

to rationally design advanced iodine composite electrode for high-

performing zinc-iodine battery.

As shown in Fig. 1a, the obtained Fe2N decorated porous N-

doped carbon fibers with good flexibility can be used as conduc-

tive host for loading iodine to fabricate a composite cathode with-

out additional binder to boost iodine conversion. The carbonization

temperatures were changed to reveal the influence on iodine redox

reactions by regulating the structure and defects of composite elec-

trode. The SEM images (Figs. 1b-d) and TEM images (Fig. S1 in Sup-

porting information) exhibit the highly porous structure of Fe2N

decorated N-doped porous carbon fiber (Fe-NCF) samples due to

the decomposition of PS (pore-forming agent) and reconstruction

of structure at an elevated temperature. The carbon fibers are in-

tertwined with each other, leading to the formation of electrically

conductive framework for rapid mass/charge transfer. The relatively

smooth surface of Fe-NCF-700–500 exhibited no nanoparticle was

formed during the thermal treatment (Fig. 1e). The similar fiber di-

ameters were obtained under different pyrolysis temperatures (Fig.

S1). The Fe-NCF-600–500 exhibits relatively smooth surface (Fig.

S2 in Supporting information). However, it is obvious that some

small nanoparticles can be obviously seen at the heat treatment

above 700 °C (Figs. 1c and d). The carbonization temperature plays

a key role in the formation of crystalline particles. High-resolution

TEM images of Fe-NCF-800–500 sample verify that the particles

are embedded among the fibers (Fig. S4a in Supporting informa-

tion), showing the lattice fringe of 0.21nm (Fig. S4b in Supporting

information) for the (011) plane of Fe2N (JCPDS No. 72–2126). The

SAED further confirms the presence of crystalline Fe2N (Fig. S4c in

Supporting information). Compared with the Fe-NCF-800–500, the

diffraction ring in Fe-NCF-700–500 is not obvious in Fig. 1f, show-

ing the possibility of amorphous structure. This further confirms

that temperature affects the formation of Fe2N nanoparticles, since

particles tend to agglomerate at the higher temperature. EDS, STEM

and element mapping images display the uniform distribution of C,

N, O and Fe elements in Figs. 1g-i.

The iodine can be adsorbed into the porous fiber along with the

disappear of yellow color (Fig. 2a), indicating the feasibility of the

fiber sample as an iodine-carrying host. The results demonstrate

that carbonization temperature affects the structure and morphol-

ogy of fiber. It has been reported that the ferric nitride can be

formed at a low ammonolysis temperature of 500 °C. When tem-

perature raised to 800 and 900 °C, XRD patterns (Fig. 2b) exhibit

the diffraction peaks at 40.9° and 42.9° which are ascribed to the

(002), (011) planes of Fe2N (JCPDS No. 72–2126) [31]. However,

the SEM images and XRD patterns suggest the amorphous struc-

ture of Fe2N in Fe-NCF-700–500. The existence of amorphous Fe2N

was further verified by Raman spectra. The peaks of the Fe-NCF-

700–500 at 200–700 cm−1 (Fig. 2c) are ascribed to the iron ni-

tride [32]. Compared with crystalline structures, amorphous struc-

ture with uncoordinated atoms and defect structures would pro-

vide more active sites for electrocatalytic processes. The presence

of Fe2N on carbon fibers would improve the interaction of the host

with iodine species to promote the conversion reversibility among

iodine species. Moreover, by introducing nitrogen defects into car-

bon skeleton, the electronic structure of the material can be regu-

lated so that the ability of electron transfer can be improved [33].

With the uniform distribution of nitrogen and iron (Fig. S5a in

Supporting information) on the fiber, the successful loading of ac-

tive iodine was also observed. However, the corresponding XRD

pattern (Fig. S5b in Supporting information) does exhibit the ab-

sence of crystalline iodine. For Raman spectrum in Fig. 2d, the

ID/IG value of Fe-NCF decreases from 1.46, 1.31, to 1.04 with the

increase of temperature, suggesting the reduction in the degree of

carbon defect [34]. In Fe-NCF-700–500, an N-doped carbon skele-

ton was obtained by defect engineering, providing potential cat-

alytic activity for accelerating iodine conversion [35]. Especially,

the Fe-NCF-700–500 with amorphous Fe2N would provide possi-

ble anchor sites for the loading of stable iodine species.

Typically, the survey spectra confirm the existence of C, N, O,

Fe (Fig. S6 in Supporting information). Fig. 2e shows that the core-

level C 1s peak can be deconvoluted into three parts, correspond-

ing to C–C/C=C (284.7 eV), C–N (285.7 eV) and C–O (286.8 eV)

[36,37]. In Fig. 2f, the high-resolution XPS spectra of N 1s is fitted

into five peaks at 398.2 (pyridinic N), 398.8 (Fe-N), 399.8 (pyrrolic

N), 400.6 (graphitic N) and 403.3 eV (oxygenated-N) [38]. Nitrogen

doping, especially graphite nitrogen, has the best catalytic activ-

ity towards iodine conversion [35]. The Fe-N located at 398.8 eV is

attributed to the bonding of Fe with nitrogen atoms in Fe2N deco-

rated carbon fibers [39]. Fe-N is the most commonly reported ac-

tive site, and the high Fe-N ratio (Table S2 in Supporting informa-

tion) in the Fe-NCF-700–500 would help to stabilize iodine species

and alleviate the shuttle effect. As shown in Table S1 (Supporting

information), the content of nitrogen gradually decreased from 16.3

atom% to 3.3 atom% with the elevated pyrolysis temperature pos-

sibly due to the decomposition and reconstruction of nitrogen at a

high temperature [40]. The total content of N in Fe-NCF-700–500

is higher than those of other two samples, and thus the additional

heteroatom would introduce more defect sites and adjust the elec-

tronic structure of carbon host, which is in agreement with Raman

spectra characterization.

The peak located at around 700 eV is related to Fe 2p core

level [41]. The relatively higher content of Fe in Fe-NCF-700–500
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Fig. 2. (a) The iodine adsorption experiments. (b) XRD patterns of Fe-NCF under different temperatures N2 calcination. (c, d) Raman spectra of Fe-NCF-T-500. (e) High-

resolution XPS spectra of C 1s, (f) N 1s, (g) Fe 2p. (h) N2 adsorption−desorption of Fe-NCF under different temperature and pore-size distribution curves.

is shown in Table S1. In addition to the satellite peak, the main

peaks can be ascribed to Fe 2p1/2 and Fe 2p3/2 of Fe2+ and Fe3+

(Fig. 2g), suggesting the mixture of multi-valence Fe phrase and

the existence of iron nitride. It has been reported Fe2N as a typical

interstitial compound does not conform to the simple valence rule

and can be identified as a mixed valence state. Based on XPS anal-

ysis, it is clear that the Fe-N component in the amorphous Fe2N

decorated carbon fiber is an important factor to improve the redox

reactions of iodine.

Then the effect of temperature on pore structure is compared

in Fig. 2h. The N2 adsorption/desorption curves exhibit micro- and

meso–porous structures. According to the pore distribution curve,

it corresponds to the type IV isotherm. The sample has higher sur-

face area and wider pore size distribution with increasing temper-

ature. Typically, the average pore size of Fe-NCF-T-500 is in the

micro- and meso–pore size range. Such hierarchical porous struc-

ture would facilitate the redox conversion of iodine. Fe-NCF-700–

500 does not have a maximum specific surface and pore volume,

meaning that the ECSA is not the decisive factor affecting the per-

formance. The key point to improve the performance of zinc-iodine

battery is to stabilize the iodine and inhibit the shuttle of polyio-

dide.

To evaluate the electrochemical performance of the cathodes

under different pyrolysis temperatures, cyclic voltammetry tests

were carried out in Fig. 3. No obvious redox pair for Fe-NCF-700–

500 with increasing scan rate (Fig. 3a) exhibits the pseudocapaci-

tive process [42,43]. The polar compound Fe2N are common pseu-

docapacitive materials, which have the combined electrochemical

characteristics of double-layer capacitance and battery. To thor-

oughly investigate the mechanism of the reaction, the capacitance

contribution with various scan rates is calculated according to

Eq. 1:

i = k1v + k2v1/2 (1)

The capacitive contribution ratio at 0.1, 0.2, 0.4, 0.6, 0.8mV/s

is gradually increased. Fig. 3c exhibits the capacitance contribu-

tion of Fe-NCF-700–500 and the good rate performance would be

contributed to the fast kinetics of the redox reaction that is not

limited by the semi-infinite diffusion [44,45]. In addition, at rel-

atively small scan rates, the contributions of diffusion-controlled

and capacitive behaviors are comparable. The electrochemical char-

acteristics of pseudocapacitance can be described as (1) a linear

or pseudo-linear relationship between voltage and state of charge

(dQ/dV), (2) the near-ideal electrochemical reversibility, and (3) the

surface-kinetic control. Increasing the calcination temperature, the

obvious redox peaks are referred to the redox conversion of I2/I
−

with small peak potential shift in Fe-NCF-800–500 and Fe-NCF-

900–500 (Figs. S8 and S9 in Supporting information). With the in-

crease of temperature, the CV curves and corresponding charge-

discharge curves show the obvious characteristics of Faraday reac-

tions. For the Fe-NCF-800–500 and Fe-NCF-900–500 samples, the

reaction characteristic is consistent with the typical Faradaic dom-

inated reaction with the quasi-reversible process. As shown in Fig.

3b, Figs. S8b and S9b, CV curves under different cycles basically co-

incide due to the good reversibility. The ratio of capacitance contri-

bution for three samples increase with the increase of scan rates.

Compare to Fe-NCF-800–500, the different electrochemical behav-

iors of Fe-NCF-700–500 would be attributed the effect of pyrolysis

temperatures.

To compare the performance differences of samples at differ-

ent pyrolysis temperatures, the long cycling tests at different rates

were carried out. The specific capacity of Fe-NCFs without active

iodine is about 25 mAh/g (Fig. S10 in Supporting information). The

initial capacity of Fe-NCF-700–500 is much higher than Fe-NCF-

800–500 and Fe-NCF-900–500 at 2 C with the coulomb efficiency

is 98% for the first cycle [46]. The batteries assembled by I2/Fe-

NCF-700–500 cathode exhibit the specific capacity of 214 mAh/g

after 1500 cycles, and the capacity retention rate reaches 79%. In
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Fig. 3. (a) CV of Fe-NCF-700–500 with different scan rates, (b) under 0.2mV/s with different cycles. (c) Capacitance contribution calculation. (d) Charge-discharge curves at

various cycles of Fe-NCF-700–500. (e) Soft package battery test. (f) Long cycling performance at 2 C of Fe-NCF with various pyrolysis temperatures.

contrast, the I2/Fe-NCF-800–500 and I2/Fe-NCF-900–500 can main-

tain 160 and 165 mAh/g after 1500 cycles at 2 C, which is much

lower than samples Fe-NCF-700–500. The long cycling test of I2/Fe-

NCF-600–500 (Fig. S11 in Supporting information) suggest the poor

stability and low specific capacity due to the incomplete carboniza-

tion at low temperature. As shown in Fig. S12 (Supporting infor-

mation), the specific surface area of the Fe-NCF-600–500 is very

small and the pore structure is very few, which is not conducive

to active iodine loading and redox reduction. For I2/Fe-NCF-700–

500, the amorphous structure would expose more reactive sites on

the surface of Fe2N, with the presence of nitrogen doping, thereby

reducing the reaction polarization and significantly improving re-

action kinetics. Besides, the zinc iodine batteries with an Fe-doped

carbon fiber cathode were tested at 5 C and 10 C in Fig. S13 (Sup-

porting information). As shown in the rate performance (Fig. S14 in

Supporting information), the Fe-NCF-700–500 can almost recover

to the original capacity, indicating the superior reversibility of the

reaction. With good rate performance, the capacity of Fe-NCF-700–

500 is higher than Fe-NCF-800–500 and Fe-NCF-900–500 both at

5 C and 10 C, can reach the capacity of 177 and 146 mAh/g, re-

spectively. In Table S3 (Supporting information), the I2/Fe-CF-700–

500 composite cathode also demonstrated superior cycling stabil-

ity compared with the reported zinc-iodine battery. It can be con-

cluded that the hybrid composite of amorphous Fe2N and carbon

fiber can improve the charge transport ability and the binding abil-

ity of iodine species to promote the reversibility of the redox reac-

tion. The Fe-NCF-700–500 were assembled into the soft pack bat-

tery, which, through bending test, could light up the small lamps

even under 180°, and could sustain power supply over 50h (Fig.

3e).

To identify the reaction process, in-situ Raman spectroscopy

(Figs. 4a and b) exhibits the peaks for I3
− and I5

− at approximately

104 and 159 cm−1, respectively. The adsorbed iodine would ac-

cept electrons from the carbon host, leading to the formation of

I− and subsequent polyiodide (I3
− and I5

−) [47]. The strong io-

dine species in the Fe-NCF-800–500 when compared with the Fe-

NCF-700–500 sample, reflects the weak bonding effect on iodine

species. Combined with the charge-discharge curve, I3
− and I5

−

are presence in a slightly narrower potential window of around

1.0–1.60V in the Fe-NCF-700–500 samples. Importantly, the wider

peak potential range of iodine species indicates the slower con-

version kinetics. In contrast, the narrower signal of iodine species

in the Fe-NCF-700–500 sample shows the faster conversion be-

tween I2 and I−. The results show that the dispersion of iron ni-

tride among porous carbon fibers has a catalytic effect on redox

reaction of iodine species conversion. Combined with the capaci-

tance contribution analysis above, the fast conversion reaction is

carried out. The UV–vis spectra (Fig. 4c) were conducted to fur-

ther confirm the faster conversion of iodine species in Fe-NCF-700–

500. The weakest peak of I− can be detected in Fe-NCF-700–500,

and the relatively smooth fiber after cycling indicate that the pres-

ence of amorphous iron nitride would enhance the iodine adsorp-

tion on carbon fiber for improving the cycling performance. From

the electrochemical impedance spectroscopy (Fig. 4d), the charge

transfers resistance value of I2/Fe-NCF-700–500 is smaller than

those of I2/Fe-NCF-800–500 and I2/Fe-NCF-900–500. According to

the formula, the smaller the charge transfer resistance, the lower

the charge-transfer activation energy (Ea) at the same temperature,

which indicates the faster kinetics of Fe-NCF-700–500 samples.

To figure out how to confine the iodine species, the interfacial

interaction between host materials and iodine species was investi-

gated by DFT calculation. From the Partial density of state (PDOS)

pattern of I2 molecule (Fig. 4e) in combination with the molec-

ular orbitals, the unoccupied status of σ ∗
p anti-bond orbital shows

the discrete mode of separation [48]. In the presence of conductive

substrates, the continuous pattern near the Fermi level shows the
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Fig. 4. In-situ Raman spectra of (a) Fe-NCF-700–500, (b) Fe-NCF-800–500 and corresponding discharge-charge curves. The dashed box marks the potential interval where

polyiodide appears. (c) UV-vis test of Fe-NCF-T-500 after 50 cycles. (d) EIS spectra of Fe-NCF annealed under different temperatures. (e) PDOS for I2 adsorption on different

substrates. Calculations are based on (011) of Fe2N. (f) The calculated adsorption energy of I2 binding with C, NC and Fe2N. Optimized charge density difference patterns of

(g) C, (h) NC and (i) Fe2N (011) for the binding of I2. The cyan part means the charge accumulation, and the yellow part means the charge depletion. Gray, brown, yellowish

brown and blue balls represent C, I, Fe and N atoms.

obvious electron transfer between iodine and the substrate. The in-

teraction between substrate and iodide species was further sim-

ulated by the difference charge density patterns. The more neg-

ative adsorption energy indicates a stronger adsorption capacity

[49]. According to Fig. 4f, the adsorption energy of pure carbon

fiber for I2 is −0.72 eV, which is the smallest than those of other

substrates. Both nitrogen-doped carbon (NC) and Fe2N nanopar-

ticles have more negative adsorption energy for iodine molecule.

The presence of iron nitride has a stronger binding force to iodine

species, thus improving the cycling performance of zinc-iodine bat-

tery. Figs. 4g-i show the optimized charge density difference pat-

terns of three hosts for the binding of I2. Based on the above anal-

ysis, the hierarchical porous structure can be loaded with iodine

and provide additional space for the reversible redox reaction. The

interconnected 3D carbon skeleton facilitates the electrons trans-

port for the rapid redox reactions. Furthermore, the well dispersed

Fe2N would enhance the electrocatalytic conversion of iodine, thus

suppressing the shuttle effect. Therefore, such unique features con-

tribute to the improved iodine conversion reaction for enhancing

battery performance.

In summary, the iron nitride decorated N-doped carbon fibers

(Fe-NCF) with abundant defect sites were prepared to enhance the

electrical conductivity and porosity for loading iodine. With the

porous and fibrous structure and favorable composition with iron

nitride, the composited fiber electrode exhibited a large specific ca-

pacity of 214 mAh/g at 2 C with the capacity retention of around

100%. Even at a larger current density of 5 C, the electrode ex-

hibited the discharging capacity of 177 mAh/g with the good cy-

cling stability for 5000 cycles. The combination of experimental re-

sults and theoretical calculation provide fundamental explanation

on the electrocatalytic conversion mechanism. With the promoted

confinement effect of porous structure with nitrogen doping, the

in-situ formation of the amorphous Fe2N provide active sites for

favorable anchoring iodine and subsequently accelerate the electro-

catalytic conversion, thus mitigating the shuttle effect for the im-

proved battery performance. This in-depth understanding inspires

us to modify the porous carbon with metal nitride for improving

the performance of rechargeable iodine-based batteries.
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