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We synthesized porous Fe-N-C nanofibers as non-precious metal 

catalysts to investigate the impact of surface area on 

electrocatalysis performance. The surface area was modified by 

adjusting the proportion of the added silicon nanoparticles, and 

achieved a 20-times enhancement of the electrocatalysis 

performance at an optimized proportion. 

As one of the most significant problem nowadays, energy crisis has 

aroused wide researches on new energy conversion devices, such 

as fuel cells (FCs).
1-3

 However, the commercialization and 

widespread application of FCs are seriously restricted by plenty 

usage of the expensive platinum-based catalysts, which have been 

applied to improve the sluggish kinetics of oxygen reduction 

reaction (ORR) in the cathode.
4,5

 Various types of non-precious 

metal (NPM) catalysts with low cost have been discovered and 

developed to replace those Pt-based catalysts for many decades.
6-9

 

Among them, the most promising alterative of Pt-based catalysts 

are those which contain active sites of transition metal coordinated 

with nitrogen atoms (TM-Nx) on carbon supports, especially when 

the medium is acidic, in order to match the condition of proton 

exchange membrane fuel cell (PEMFC).
10-14

 Since the first report of 

such ORR-activated structure in 1964,
6
 such NPM catalysts have 

achieved great improvement during the last decade.
10-12

 These 

researches pointed out that the surface area and active sits played 

signification roles in electrocatalysis performance. However, in the 

reported impregnation method,
10-12

 there is still a tradeoff 

remained between the surface area and the active sites. For one 

thing, the process of absorbing active sites will cause an obvious 

drop of surface area.
11,15

 For another, the treatment of increasing 

surface area will damage the active sites.
16

 Ammonia treatment has 

be developed to supply nitrogen atoms for remaining active sites in 

company with increasing surface area.
11,17

 But ammonia is 

dangerous and environmental friendless. Hence, it seems that is 

difficult to obtain both the high surface area and the abundant 

active sites at the same time. In this work, we have brought up a 

new type of porous iron-nitrogen-carbon (Fe-N-C) nanofibers as 

NPM catalyst by removing silicon nanoparticles (Si NPs) in carbon 

nanofibers, which were employed to create porous structure and 

then acquire high surface area and plenty of active sites. We 

applied them in the acidic medium, and revealed that the 

electrocatalysis performance of these catalysts could be enhanced 

after etching Si NPs and controlled by modifying additional porous 

structure. Combining with transmission electron microscopy (TEM) 

observation, we further found that, with the increment of the 

weight proportion of Si NPs, the electrochemical performances of 

various porous catalysts were first enhanced and then dropped 

down, for the aggregation of Si NPs. 

 

 
Fig. 1 (a) Schematic diagram of the synthesis of porous Fe-N-C 

nanofibers by electrospinning, heating and etching Si NPs (green 

balls). (b-g) The typical TEM images of FeNC, PFeNC05, PFeNC10, 

PFeNC15, PFeNC20, and PFeNC25 samples, respectively. The scale 

bars are all 500 nm. (g) Histograms between the relative frequency 

and pore diameters of PFeNC05, PFeNC10, PFeNC15, PFeNC20, and 

PFeNC25, respectively. 

 

As depicted in Fig. 1a, porous Fe-N-C nanofibers were synthesized 

by first electrospinning the polyacrylonitrile (PAN) nanofibers 
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containing ferric nitrate and Si NPs,
18,19

 then heating the as-

electrospun nanofibers to get carbon nanofibers,
20,21

 and finally 

etching Si NPs in alkaline solution (typically 3M KOH) to create the 

expected porous structure (see experimental details in ESI). Our 

method is compatible with carbon fiber industry, as the major 

precursor is PAN, which is an easy acquired industrial materials.
22

 

The weight ratio of Si NPs and PAN (x=Si/PAN) was set from 0 to 

2.5, with a step of 0.5, and therefore final samples were named as 

PFeNC05, PFeNC10, PFeNC15, PFeNC20 and PFeNC25, respectively. 

Sample named FeNC was the one without adding Si NPs and etching 

process. 

 

Fig. 1b depicts TEM image of FeNC sample without porous 

structure. FeNC samples were mainly nanofibers, with about 200 

nm in diameter. Fig. 1c-g denote the TEM images of samples with 

various Si/PAN, as PFeNC05, PFeNC10, PFeNC15, PFeNC20, and 

PFeNC25, indicating that the samples also kept the nanofiber 

morphology and appeared pores in the nanofibers. Because of 

relative low proportion of added Si NPs, the pores of PFeNC05 were 

distributed sparsely as shown in Fig. 1c, matching with the TEM 

image before etching in Fig. S1a of ESI. With the increment of 

Si/PAN, the density of distributed pores was increased. The samples 

with high Si/PAN contained even denser pores in the nanofibers, as 

depicted in Fig. 1e-g. After detail calibration of pore diameters, we 

compared different histograms between the relative frequency and 

the pore diameter of PFeNC05, PFeNC10, PFeNC15, PFeNC20, and 

PFeNC25 in Fig. 1h. The maximum distribution of pore diameters of 

PFeNC05 was about 50 nm. Thus, the Si NPs were dispersed 

separately in the nanofibers of PFeNC05. But, some values of pore 

diameters of PFeNC05 were higher than 50 nm, indicating that 

some part of the Si NPs aggregated in nanofibers. The mean pore 

diameters (<Dp>) of PFeNC05, PFeNC10, PFeNC15, PFeNC20, and 

PFeNC25 were 62, 66, 68, 97 and 112 nm, respectively. These data 

manifest that the aggregation probability of the Si NPs in the 

nanofibers became higher, after adding more Si NPs. This could be 

related to space limitation in the cross-section of nanofiber 

structure. Fig. S1b in ESI shows TEM image of PFeNC15 samples 

before etching, indicating that the aggregation of Si NPs could cause 

the distortion of nanofibers. Figs. S2-4 in ESI provide more TEM 

images of PFeNC15, PFeNC20 and PFeNC25 to complement those in 

Fig. 1e-g, manifesting that the morphology of nanofibers was kept 

with many large pores. The maximum value of the pore diameter 

reached 270 nm, which was equal to the size of at least 38 Si NPs 

aggregation (Fig. S5 in ESI). This large aggregation may be explained 

by the small particles coagulation in the fluid precursor solution 

during electrospinning process.
23,24,25

 

 

After heating treatment, PAN can convert to conjugated C=C 

conjugation structure with doped nitrogen, which can be 

coordinated with iron to form Fe-Nx active site, with results of 

thermal gravimetric analysis (TGA), fourier transform infrared 

spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) in 

Fig. S6 of ESI.
26-29

 Fig. 2 indicates the electrochemical measurement 

of porous Fe-N-C nanofiber catalysts in acidic medium (0.1 M HClO4 

solution). In such medium, ORR happened following the reaction 

equation of O2+4H
+
+4e

-
=2H2O.

4
 Fig. 2a denotes that, after etching Si 

NPs, the current density of PFeNC05 was increased from 0.037 

mA/cm
2
 (0 h) to 0.237 mA/cm

2
 (72 h) at 0.6 V versus reversible 

hydrogen electrode (RHE), and enhanced by 6.4 times. With longer 

etching time, the current density was higher, indicating that more 

porous structure could increase the electrocatalysis performance. In 

our experimental condition, the best etching time was about 72 h 

to remove Si NPs entirely, and further etching couldn’t increase the 

performance. TEM observation of etched samples in Fig. 1c-g also 

confirmed that no Si NPs were remained in nanofibers. In order to 

exclude the etching effect on carbon nanofiber matrix, we utilized 

the same method to treat FeNC sample. Polarization curves of the 

FeNC without and with etching treatment were almost the same, as 

displayed in Fig. 2b. Therefore, the enhancement of current density 

in Fig. 2a was majorly caused by additional surface area of porous 

structure. Furthermore, scanning electron microscopy (SEM) images 

and energy dispersive X-ray (EDX) spectra of PFeNC05 samples 

before and after creating pores are shown in Fig. 2c-f. From SEM 

images in Fig. 2c and 2e, the samples were kept the nanofiber 

morphology as same as the TEM observation, and Si NPs were 

totally removed after etching 72 h from EDX results in Fig. 2d and 

2f. Furthermore, element contents from XPS analysis in Table S1 of 

ESI denote that, after etching, Si atoms were almost removed, 

matching with the EDX results, and iron atoms were decreased. The 

etching process could remove the inactive compound containing 

iron, which have no ORR activity. 
12

 This explanation could be 

confirmed by the results in Fig. 2b, which manifested that etching 

treatment could not affect the ORR activity of the FeNC samples 

before and after etching treatment.  

 

 
Fig. 2 Results of etching Si NPs in the nanofibers. (a) The linear 

sweep voltammetry (LSV) curves of PFeNC05 samples with different 

etching time. (b) The LSV curves of FeNC samples without and with 

etching process. (c, d) SEM image of nanofibers without etching, 

and the corresponding EDX spectrum. (e, f) SEM image of 

nanofibers after etching 72 h, and the corresponding EDX spectrum. 

The scale bars in (c) and (e) are 500 nm. 
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Fig. 3a shows the electrochemical performances of all porous 

catalysts FeNC, PFeNC05, PFeNC10, PFeNC15, PFeNC20, and 

PFeNC25. Comparing with other porous Fe-N-C nanofiber catalysts, 

FeNC sample had the lowest performance. For further comparison 

of various polarization curves, we plot the absolute current density 

at 0.6 V versus RHE against Si/PAN in Fig. 3b. With the increment of 

Si/PAN, the absolute current densities of ORR were first enhanced, 

reached the maximum value of 0.80 mA/cm
2
 at Si/PAN=1.5, and 

then dropped down. Comparatively, the maximum current density 

of the porous catalysts was 20 times that of FeNC catalysts (0.39 

mA/cm
2
). As reported, the performance is relevant to the surface 

area.
11,13,27

 The current density was suspected to keep increasing 

after adding more Si NPs. However, the experimental results 

indicates that there was an optimized value of Si/PAN. Combination 

with TEM observation, aggregation may limit the enhancement of 

porous structure. It can be concluded that total specific surface area 

(SSA) of porous catalysts (S) is consisted with the SSA of nanofibers 

(SNF) and the additional SSA of porous structure (SP): 

NF P
S S S= + .                                                                                    (1) 

SNF was proved to be same in various samples, as the etching 

process didn’t affect the surface area of the carbon nanofibers as 

discussed above, and could be calculated in cylinder model:  

NF

NF NF

4
S

Dρ
= ,                                                                               (2) 

where ρNF is the density of nanofibers (ρNF = 1.7 g/cm
3
)
19,20

 and DNF 

is the diameter of nanofibers (DNF = 200 nm). And SP can be 

computed by that of the initial Si NPs as: 

P

Si P

6x
S

D

ϕ

ε ρ
= ⋅ ,                                                                         (3) 

where x is the weight ratio of Si and PAN (Si/PAN), ε is the weight 

shrinkage of PAN nanofibers after heating process (typically ε = 

0.4)
20,21,30

, φ is the fill factor of Si NPs under close package model (φ 

= 0.74, Fig S1), ρSi is the density of silicon (ρSi = 2.33 g/cm
3
),

31
 and 

<DP> is the mean value of pore diameters in nm. Hence, the total 

SSA of porous Fe-N-C nanofibers can be derived as:  

P

4764
11.76

x
S

D
= + ,                                                                     (4) 

which was displayed in Fig. 3b. The measured SSA values were in 

the same range of the calculated ones (Fig. S7 in ESI). Interestingly, 

the changing mode of calculated SSA was almost same as that of 

absolute current density of various samples. When Si/PAN was 

increased from 0 to 1.5, the calculated SSA values increased, and 

then fell down. The maximum value of calculated SSA of porous 

catalysts reached 116.7 m
2
/g, which was 10 times that of FeNC 

catalysts. The above results indicate that the initial increment of 

SSA is caused by adequate porous structure from removing more Si 

NPs, but the drop of SSA is caused by the aggregation of Si NPs, 

which lowers the surface area contribution of each added Si NPs.  

 

 
Fig. 3 (a) The LSV curves of FeNC, PFeNC05, PFeNC10, PFeNC15, 

PFeNC20, and PFeNC25, respectively. (b) The dependences of 

current density at 0.6 V versus RHE and the calculated SSA from the 

mean pore diameter in the nanofibers on weight ratio of Si NPs and 

PAN (Si/PAN). 

 

Furthermore, we normalized the activities (current densities) of all 

samples by calculated SSA. Fig. S8 in ESI shows that all normalized 

values were same as each other, indicating that the ORR 

performance difference was only caused by SSA. It could be inferred 

that only surface areas of various samples were different, and 

active sites of Fe-Nx were almost not changed after etching 

treatment, in our experiments. Hence, the new surface created by 

removing Si NPs were also distributed with the active sites. And the 

catalysis activity of porous catalysts had a positive relationship with 

the surface area of the additional pores, whose pore sizes were 50 

nm and larger. For this deduction, some researchers hold the view 

that the catalysis activity was proportion against the microporous 

surface area of the catalysts, whose pore size was less than 2 

nm.
13,27

 Then, we suggested that not only the micropores but also 

the larger pores can provide the surface area with the active sites 

and improve the mass transport of substance and production. More 

importantly, there is an optimization of such additional surface area 

from etching NPs. In our experiments, the optimized weight ratio of 

Si NPs and PAN was 1.5, which enhanced calculated specific surface 

area and current density 10-fold and 20-fold, respectively.  

Conclusions 

In summary, we synthesized porous Fe-N-C nanofibers as non-

precious metal catalysts by a facile and low-cost method. The 

porous structure can be created by etching the added silicon 

nanoparticles in the nanofibers, without affecting carbon 

nanofibers. The current density of etching nanofibers was 

increasing with longer etching time. Furthermore, the surface 

area was controlled by modifying the proportion of the added 

Si nanoparticles, and realized 20 times enhancement of the 

electrocatalysis performance at an optimized weight ratio of Si 

NPs and PAN (Si/PAN = 1.5). These results indicated that the 

porous structure with sizes of about 50 nm could improve the 

surface area of the nanofibers and enhance the 

electrocatalysis performance. Nevertheless, this method can 

also be applied to increase both surface area and active site for 

more fields.  
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Porous Fe-N-C nanofibers were synthesized as non-precious metal electrocatalysts with a 

20-times enhancement of oxygen reduction performance. 
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