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a b s t r a c t

Carbon-based materials with single-atom (SA) transition metals coordinated with nitrogen (M-Nx) have

attracted extensive attention due to their superior electrochemical CO2 reduction reaction (CO2RR) per-

formance. However, the uncontrolled recombination of metal atoms during the typical high-temperature

synthesis process in M-Nx causes deterioration of CO2RR activity. Herein, by using electrospinning,

we propose a novel strategy for constructing a highly active and selective SA Fe-modified N-doped

porous carbon fiber membrane catalyst (Fe-N-CF). This carbon membrane has an interconnected three-

dimensional structure and a hierarchical porous structure, which can not only confine Fe to be single

atom as active centers, but also provide a diffusion channel for CO2 molecules. Relying on its special

structure and stable mechanical properties, Fe-N-CF is directly used for CO2RR, which presents an excel-

lent selectivity (CO Faradaic efficiency of 97%) and stability. DFT calculations reveals that the synthesized

Fe-N4-C can significantly reduce the energy barrier for intermediate COOH∗ formation and CO desorption.

This work highlights the specific advantages of using electrospinning method to prepare the optimal SA

catalysts.

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

Medica, Chinese Academy of Medical Sciences.

Using renewable power to convert CO2 into valuable products

was an effective route to solve both environmental and energy

shortage problems [1–3]. In the electrochemical reduction reaction

of CO2 (CO2RR), realizing optimal activity, selectivity and stabil-

ity were at the center of catalyst development. In recent years,

heteroatom-doped carbon nanomaterials had become an effective

catalyst for CO2 conversion due to their low cost, excellent stabil-

ity and large active area [4,5]. The interactions of heteroatoms in

charge distribution, electronic properties, and defects could impact

the chemical properties of the material thus providing more cat-

alytic active centers [6,7]. The doping of heteroatoms (N, B, P etc.)

and the introduction of metal atoms (Cu, Ni, Fe etc.) had realized

the improvement of their electrocatalytic performance, especially

the transition metal nitrogen unit (M-Nx) in carbon-based materi-

als had advantages in electrocatalysis [8–10]. In addition, the metal
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centers binding to pyridinic-N and graphite-N in M-N-C were con-

sidered to be the reason for the formation of CO2 to CO [11,12].

According to this theory, N-doped carbon nanotubes were pre-

pared by vapor deposition method using acetonitrile and dicyan-

diamide as raw materials in Ar/H2 atmosphere at 850 °C. The elec-

trocatalytic selectivity reached 80% at 0.18 V. Compared with the

precious metals Au and Ag, N-doped carbon nanotubes could ef-

ficiently convert CO2 to CO at a lower potential. The experimen-

tal results showed that the initial potential and Faraday efficiency

of CO formation varied with the content of pyridinic-N [13]. Aim

to promote the CO2RR performance, therefore, it was necessary to

prepare M-N-C catalysts with more M-Nx, pyridinic N or graphite

N active sites [14].

The use of carbon materials as carriers for M-Nx sites was

one of the most important strategies due to their good electrical

conductivity and stable electrochemical properties [15,16]. How-

ever, during the preparation of doped carbon-based electrocata-

lysts, high temperature pyrolysis of precursors tended to lead to

the uncontrolled recombination in M-Nx, which led to the loss

of M-Nx active center, the deterioration of mass transfer perfor-
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Fig. 1. (a) Schematic of the synthetic procedure of Fe-N-CF catalysts. (b) SEM image and digital image (inset) of the Fe-PVDF membrane. (c) XPS spectra of Fe-PVDF. (d)

XANES spectra at the Fe K-edge and (e) the Fourier transform of EXAFS data for Fe-PVDF.

mance, and finally reduced the electrochemical properties [17,18].

Therefore, preventing metal atoms from recombination to obtain

monatomic catalysts, increasing the density M-Nx active site and

improving the mass transfer performance were effective routes to

develop high performance CO2RR electrocatalysts. In addition, the

monolithic 3-dimensional (3D) porous carbon had unique advan-

tages in CO2RR due to their more catalytical sites, optimal electri-

cal conductivity and high CO2 mass transfer [19–21].

In this work, polyvinylidene fluoride (PVDF) fiber membranes

mixed with Fe3+ were prepared by electrospinning. The sta-

ble scaffold structure was produced by defluorination and cross-

linking of the nanofiber membranes, and then the 3D carbon

nanofiber membranes with porous structure was obtained via py-

rolysis in NH3 atmosphere. The results showed that Fe existed as

single atoms (SA) in the Fe-modified N-doped porous carbon fiber

membrane catalyst (Fe-N-CF) and formed stable Fe-N4-C structures

with doped N. This self-supporting catalyst exhibited an excellent

selectivity for the reduction of CO2 to CO.

The Fe-N-CF catalyst was synthesized via a three-step process

(Fig. 1a). Briefly, the Fe-PVDF precursor was prepared by electro-

spinning, followed by defluorination and cross-linking treatment,

and finally Fe-N-CF catalyst was obtained by pyrolysis at 1000 °C
in NH3/Ar (1:2) atmosphere. Utilizing the electrospinning method

enabled the preparation of large porous Fe-PVDF membrane,

which was composed of nanofibers with diameters of 0.6-0.8 μm

(Fig. 1b). XPS was performed on Fe-PVDF to investigate the surface

properties, the results demonstrated the existence only of C and

F (Fig. 1c). X-ray absorption fine structure (XAFS) measurement

of Fe-PVDF was carried out to obtain the direct evidence for local

chemical environment of Fe. The near-edge lines of Fe K-edge of

Fe-PVDF was higher than that of standard Fe foil, indicating that

the valence of Fe in Fe-PVDF was greater than 0. Besides, the

Fourier-transformed k3-weighted extended X-ray absorption fine

structure (EXAFS) spectra of Fe-PVDF showed only one obvious

peak at 1.47 Å, which was attributed to the coordination of Fe-F

(Figs. 1d and e). F in PVDF could be regarded as hard base and

could form stable coordination bond with hard acid (such as Fe3+),
which made Fe3+ monodisperse in PVDF. After defluorination

process, C=C bonds were formed in the PVDF skeleton, and the

network structures composed of C=C were formed by cross-

linking reaction (Michael addition reaction) [22], which improved

the thermal stability and mechanical strength of PVDF membrane.

It was worth noting that there were still a large number of F

elements in the defluorinated PVDF fiber (Fig. S1 in Supporting

information), and these residual F are further removed in the form

of –CF radicals in the subsequent pyrolysis process [22].

Fe-N-CF was obtained by calcination, which maintained the

original 3D network structure, and the morphology of the fibers

did not change significantly (Figs. 2a and b). The XRD pattern

(Fig. 2c) indicated that only the diffraction peaks of C (PDF#26-

1077). TEM image showed that a plenty of nanopores (bright

parts) were on the surface and interior of nanofibers, which was

due to the removal of –CF radicals during pyrolysis (Fig. 2d).

The pore structure of Fe-N-CF was further investigated by N2

adsorption-desorption experiments. The adsorption-desorption

curves of Fe-N-CF showed an isotherm with type I and type IV

properties, revealing the hierarchical porous structure of Fe-N-CF

(Fig. S2 in Supporting information) [23]. The specific surface area

of Fe-N-CF was 436 m2/g. The pore size was mainly distributed

less than 20 nm, which was consistent with the observed by

TEM images. The HRTEM images showed the crystal structure of

the carbon material, with clearly visible crystal plane spacing of

0.33 nm corresponding to the (005) plane of graphitic carbon

(Fig. 2e) [24]. No crystal lattices of Fe were detected, which was

consistent with the results of XRD. Furthermore, EDS elemental

mapping (Fig. 2f) confirmed that C, O, N, and Fe elements were

uniformly distributed along the carbon nanofibers, and no signif-

icant Fe enrichment was found. Compared with the defluorinated

PVDF (Fig. S3 in Supporting information), the absence of F element

indicated that the residual F atoms had been completely removed

during pyrolysis. ICP-MS test (Table S1 in Supporting information)

showed that the Fe amounts of Fe-N-CF was 0.14 wt%. Based on

these results, the formation mechanism of Fe SA catalyst could

be inferred. In the process of pyrolysis, with the overflow of -CF

radicals, the vacancies were formed in the PVDF skeleton, as well

as the N atoms occupied the vacancies and were embedded in

the C skeleton. Simultaneously, Fe3+ were reduced by C during

pyrolysis process, and the adjacent N atoms were combined with

Fe by coordination bonds to form Fe-N-CF catalytic center.

To further analyze the Fe atoms on the catalysts, HAADF-STEM

tests were performed. Due to the different Z contrasts of Fe, N, and

C elements, it could directly distinguish Fe element from adjacent

light elements [25]. Bright spots corresponding to heavy Fe atoms

were observed, which was uniformly distributed in the carbon ma-
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Fig. 2. (a, b) SEM images and digital image (inset), (c) XRD, (d) TEM, (e) HRTEM and (f) EDS elemental mapping of Fe-N-CF.

Fig. 3. (a, b) HAADF-STEM images of Fe-N-CF. (c) HAADF-STEM image of Fe-CF. (d) XANES spectra at the Fe K-edge and (e) the Fourier transform of EXAFS data for Fe foil,

Fe-CF and Fe-N-CF. (f) Fitting for the EXAFS data of Fe-N-CF. Inset: the structure of Fe-N4-C, Fe (red sphere), N (blue sphere), and C (gray sphere).

trix (Figs. 3a and b). A similar atomic-level distribution occurred on

Fe-CF, only significantly less than for Fe-N-CF (Fig. 3c). The above

results indicated that the special structure of PVDF-Fe could ef-

fectively avoid the aggregation of Fe atoms during pyrolysis, and

the Fe SA were successfully prepared. Furthermore, Fig. 3d showed

the X-ray absorption near-edge structure (XANES) spectrum in the

Fe k-edge of Fe-N-CF and Fe-CF with Fe foil as reference mate-

rials. The near-edge spectrum of Fe-N-CF and Fe-CF located be-

tween Fe foil and Fe2O3, suggesting the average oxidation state of

Fe was between Fe0 and Fe3+ [26,27]. The fingerprint peak was

around 7114 eV, indicating the existence of aquare-planar Fe-N4-C

species in the Fe-N-CF electrocatalyst [28,29]. Fig. 3e showed the

Fourier-transform k3-weighted χ (k) function of the EXAFS spec-

trum, it could be observed that there was only one peak in Fe-N-CF

located at 1.56 Å corresponding to the Fe-N bond, which demon-

strated that the isolated dispersion of Fe atoms on nitrogen-doped

carbon supports. According to the fitting results, the local structure

of Fe-N-CF involved to be Fe-N4-C (Fig. 3f).

The elemental status of Fe-N-CF was discussed by various

methods. First, the degree of defects of all catalysts was character-

ized by Raman spectroscopy (Fig. S4 in Supporting information).

The Raman spectrum had two peaks at 1347 and 1578 cm−1, which

corresponded to disordered sp3 carbon (D band) and graphite sp2

carbon (G band), respectively [30]. The ID/IG intensity ratio of

Fe-N-CF catalyst was significantly greater than that of Fe-CF, which

indicated that Fe-N-CF had higher defect densities, thereby benefi-

cial to the catalytic performance. XPS was then used to investigate

the chemical state and surface composition of the as-prepared

electrocatalysts. The typical XPS survey spectra showed that the

Fe-N-CF electrocatalyst contained N, O, C, and Fe elements (Fig. S5

in Supporting information). The high-resolution N 1s spectrum of

Fe-N-CF indicated the presence of pyridinic-N (398.3 eV), pyrrolic-

N (399.69 eV), graphitic-N (400.99 eV), and oxidized-N (402.07 eV)

species (Fig. S5b) [31,32]. The XPS results of the N-CF indicated

that N in N-CF were mainly pyridine-N and graphite-N (Fig. S6 in

Supporting information). Besides, the high-resolution O 1s spec-

trum of Fe-CF indicated the presence of Fe-O (Fig. S7 in Supporting

information), which was consistent with the results of EXAFS.

The electrocatalytic activity of Fe-N-CF, Fe-CF and N-CF on

CO2RR were studied using a three-electrode H-cell. As shown by
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Fig. 4. (a) LSV curves of Fe-N-CF in Ar-saturated 0.5 mol/L NaHCO3 solution and LSV curves in CO2 saturated 0.5 mol/L NaHCO3 solution of N-CF, Fe-CF and Fe-N-CF. (b)

Faradaic efficiency of CO product in CO2RR on Fe-N-CF at various cathode potentials. (c) Faradaic efficiency CO product in CO2RR on N-CF, Fe-CF, and Fe-N-CF at −0.51 VRHE.

(d) Stability test of Fe-N-CF at −0.51 VRHE. (e) Free energy for CO on Fe-N-CF, Fe-CF and N-CF, respectively.

LSV curves in Fig. 4a and Fig. S8 (Supporting information), for Fe-

N-CF catalysts, a smaller current density and a higher onset poten-

tial were determined when tested in Ar-saturated NaHCO3, which

were caused by the reduction of protons to H2. However, the larger

current for CO2RR was observed in the CO2-saturated NaHCO3

solution. The activity and selectivity were determined by constant

potential electrolysis. Only CO and H2 were detected over the

whole investigated potential range. The faradaic efficiency of CO

product (FECO) collected after one hour at different potentials were

calculated (Fig. 4b). The as-prepared Fe-N-CF catalysts exhibited a

high CO selectivity at low potentials ranging from −0.41 VRHE to

−0.61 VRHE, with FECO of >90%, where Fe-N-CF could reach a max-

imum value of 97% at −0.51 VRHE. By contrast, the FECO of Fe-CF

and N-CF were extremely low (Fig. S9 in Supporting information),

indicating the importance of the existence of Fe-N4-C. At −0.51

VRHE, the current density of Fe-N-CF was 5.42mA/cm2, which was

significantly higher than that of N-CF and Fe-CF catalysts (Fig. S10

in Supporting information). The FEs of N-CF, Fe-CF, and Fe-N-CF

at the optimal voltage of −0.51 VRHE were shown in Fig. 4c, in

which the selectivity of Fe-N-CF for reduction to CO was much

higher than that of N-CF (FECO =2%) and Fe-CF (FECO =10.2%).

The combination of results from XPS, XANFS and electroreduction

data suggested that Fe-N was the main active site of Fe-N-CF. In

addition, Fe-N-CF also exhibited excellent durability for CO2RR,

maintaining 95% of the initial FE for CO production (∼5.3 mA/cm2)

during 13 h of continuous electrolysis at −0.51 VRHE (Fig. 4d).

There were no obvious changes occurred in the SEM image and

XRD results after long-term test, which also illustrated the good

stability of Fe-N-CF (Fig. S11 in Supporting information). Further,

the Fe-N-CF appeared superior in the selectivity for CO product

in CO2RR as compared to other Fe-N4 catalysts reported in recent

years (Table S2 in Supporting information). These results suggested

that the Fe-N4-C species exhibited favorable activity and selectivity

and was the decisive catalytic site on Fe-N-CF in CO2RR, which was

consistent with the reported results of M-N-C catalysts [33–35].

Density functional theory (DFT) calculations (section S1 in Sup-

porting information) were performed to analyze the differences in

the activities of the three prepared catalysts. In the reaction mech-

anism of CO2RR to CO, COOH∗ and CO∗ were recognized adsorption

intermediates [27], based on this, Fig. 4e depicted the free energy

profiles (�G) of CO2 electroreduction to CO. According to the sim-

ulation results, the first proton-coupled electron transfer of CO2 to

the adsorbed COOH∗ intermediate was the rate-determining step

for all of these systems [36–38], where Fe-N-CF exhibited a more

favorable �G (0.32 eV) than N-CF (0.60 eV) and Fe-CF (0.37 eV).

Besides, compared with N-CF and Fe-CF, Fe-N-CF had a lower

CO desorption free energy (0.62 eV). These results matched well

with the experimental results that Fe-N4-C structure presented im-

proved activity and selectivity towards the conversion of CO prod-

uct in CO2RR.

In conclusion, we presented a rational design and facile synthe-

sis to structure the atomically dispersed iron-anchored N-doped

porous carbon nanofibrous membrane (Fe-N-CF) electrocatalysts.

Due to the presence of F elements in the precursor and the

subsequent nitriding treatment, the Fe-N-CF structure exhibited

an excellent selectivity for CO product (Faradaic efficiency of 97%)

and long-term stability at a small overpotential of −0.51 VRHE

in CO2RR. DFT calculations revealed that Fe-N-CF significantly

reduced the energy barrier for intermediate COOH∗ formation

and CO desorption, which could rationalize the observed superior

CO2RR reactivity. This work provided a practical and efficient

approach to develop 3D electrocatalysts at the atomic scale.
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