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 ABSTRACT 

Developing high-performance nonprecious-metal electrocatalysts for the oxygen

reduction reaction (ORR) is crucial for a variety of renewable energy conversion

and storage systems. Toward that end, rational catalyst design principles that

lead to highly active catalytic centers and enhanced active site accessibility are

undoubtedly of paramount importance. Here, we used Prussian blue nano-

particles to anchor Fe/Fe3C species to nitrogen-doped reduced graphene oxide 

aerogels as ORR catalysts. The strong interaction between nanosized Fe3C and the

graphitic carbon shell led to synergistic effects in the ORR, and the protection

of the carbon shell guaranteed stability of the catalyst. As a result, the aerogel 

electrocatalyst displayed outstanding activity in the ORR on par with the

state-of-the-art Pt/C catalyst at the same mass loading in alkaline media, good

performance in acidic media, and excellent stability and crossover tolerance that 

rivaled that of the best nonprecious-metal ORR electrocatalysts reported to date.

 
 

1 Introduction 

The oxygen reduction reaction (ORR) is a crucial 

process in various energy conversion and storage 

systems, such as fuel cells and metal-air batteries [1–4]. 

However, due to the intrinsic sluggish kinetics of the 

ORR, tremendous research efforts have been devoted 

toward the development of efficient electrocatalysts. 

So far, platinum (Pt) and its alloys remain the best 

catalysts for the ORR [5]; nevertheless, they suffer 

from various drawbacks including high cost, scarcity, 

limited durability, and poor resistance to poisoning 

[6–8]. Therefore, it is critical to search for durable 

nonprecious-metal ORR catalysts that can rival 

commercial Pt/C ones.  

For the rational design of efficient ORR catalysts, 

two factors should be considered. First, the intrinsic 

activity of the active sites needs to be optimized by 
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tuning the chemical composition of the catalysts as 

well as interactions between catalytic components. 

Second, the density of the accessible active sites should 

be maximized, and the active sites should have a 

porous architecture to facilitate rapid mass transport 

of ORR-related species (OH–, H+, O2, H2O, etc.). In 

regard to the former aspect, considerable progress 

has been made in exploring materials with promising 

intrinsic activities, such as metallic-nanoparticle- 

anchored carbon [9, 10], heteroatom-doped carbon 

[11–18], transition-metal oxides [19–22], transition- 

metal-coordinating macrocyclic compounds [23–25], 

and pyrolyzed metal/nitrogen/carbon materials 

(M−N/C) [26]. Notably, M−N/C catalysts with Fe/Co as 

the metal center exhibit prominent ORR activity com-

parable to that of Pt/C [27–31]. However, the commonly 

adopted synthetic method, the direct pyrolysis of a 

carbon source and Fe/Co-containing salt, can lead  

to non-uniform distribution and stacking of catalytic 

species and thus limited accessibility to active sites. 

Therefore, in order to realize similar catalytic perfor-

mance as that of Pt/C, the loading of such materials 

often needs to be several times higher [32, 33]. 

Herein, we describe the synthesis of an M−N/C 

catalyst via the pyrolysis of Prussian blue (PB, ferric 

hexacyanoferrate, Fe4[Fe(CN)6]3·xH2O) nanoparticles 

to give three-dimensional (3D) N-doped graphene 

aerogels, which possessed both of the abovementioned 

features. PB, a metal-organic framework (MOF) com-

posed of uniformly distributed metal centers (Fe, Co, 

etc.) linked through cyanide (CN) ligands, can be an 

ideal precursor for M−N/C catalysts. The high density 

of M−N4 coordination moieties will result in rich 

ORR-active M−N−C centers after pyrolysis [33]. The 

carbonization of PB affords homogeneously distributed 

catalytic particles on the nanoscale, which provides 

considerably more active sites compared to the bulk 

counterparts [34]. In addition, being a commonly 

used pigment, PB is inexpensive and easily prepared, 

offering an economical route towards efficient ORR 

electrocatalysts [35, 36]. Moreover, as demonstrated 

in previous studies, the inherent porosity of MOF- 

derived structures offers numerous micropores and 

mesopores, which is beneficial in the mass transport 

of catalytic species [37]. Nevertheless, sintering and 

agglomeration of MOF-derived particles occur during 

pyrolysis, probably due to the collapse of the framework 

at elevated temperatures, and thus the resulting surface 

area is generally far from ideal [15, 34, 38–40].  

To mitigate the agglomeration and maximize the 

electrochemical surface area (ECSA), in this study, we 

directly anchored PB nanoparticles on graphene oxide 

sheets (PB@GO), so that the strong bonding between 

PB and the GO substrates effectively alleviated particle 

sintering during the subsequent thermal treatment. 

Moreover, in order to prevent the restacking of GO 

sheets induced by pyrolysis, PB@GO was subjected 

to hydrothermal assembly to yield a 3D hydrogel 

(PB@GO hydrogel), which gave rise to a monolithic 

reduced graphene oxide aerogel with a uniform 

deposition of Fe/Fe3C nanoparticles (Fe/Fe3C@rGO) 

after lyophilization and thermal treatment. The elec-

trocatalyst design not only preserved the chemical 

and physical advantages of MOF-derived structures, 

but also combined the unique merits of 3D graphene, 

including high electrical conductivity and rich accessible 

macroporosity [41]. Noticeably, on introducing N- 

containing molecules, N-doped aerogel catalysts (Fe/ 

Fe3C@N-rGO) with a high degree of graphitization 

and a hierarchical pore structure (abundant micro/ 

mesopores with interconnected macropores) were 

obtained. Owing to the high intrinsic activity of the 

catalytic centers and their remarkably enhanced 

accessibility, the resulting Fe/Fe3C@N-rGO catalysts 

exhibited excellent ORR activity at a low mass loading 

in alkaline media on a rotating disk electrode (RDE) 

and carbon fiber paper (CFP). Substantially better 

stability and methanol tolerance than those of com-

mercial Pt/C was also observed. In addition, when 

Fe/Fe3C@N-rGO was subjected to acid leaching to 

remove unstable species, the catalysts exhibited  

high activity and durability under acidic conditions. 

Additional experiments were carried out to investigate 

the roles of Fe, Fe3C, and graphitic carbon in the ORR, 

which revealed synergistic interactions between Fe3C 

and graphitic carbon in promoting the catalytic reaction, 

while the protection of the carbon coating contributed 

to the stability of the catalyst. 

2 Results and discussion 

The fabrication of the 3D Fe/Fe3C@N-rGO aerogel is 
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illustrated in Fig. 1. The GO-directed nucleation and 

growth method was adopted to synthesize PB nano-

cubes with an average edge length of ~200 nm directly 

anchored on GO sheets (Fig. 1(a) and Fig. S1 in the 

Electronic Supplementary Material (ESM)). The direct 

coordination method guaranteed a small crystal size 

and uniform particle distribution. Moreover, as opposed 

to physical mixing, strong interactions are established 

between PB and GO through direct coordination, which 

can effectively prevent aggregation in the subsequent 

pyrolysis step [42]. Secondly, PB@GO particles were 

hydrothermally assembled at 150 °C for 10 h in an 

acidic medium (to prevent the hydrolysis of PB) in 

the presence of N-containing molecules (dicyandiamide, 

DCDA). In this manner, a graphene-based 3D hydrogel 

was obtained with the simultaneous incorporation  

of N-containing species into the structure (Fig. 1(b) 

and Fig. S2 in the ESM). Finally, the hydrogel was 

dehydrated by freeze-drying, followed by calcination 

at 800 °C under an argon atmosphere to afford a black 

monolithic aerogel. Scanning electron microscopy (SEM; 

Fig. 1(c) and Fig. S3 in the ESM) confirmed that the 

PB-derived nanoparticles retained their cubic shape 

after pyrolysis and were evenly distributed in the 

rGO network. Notably, the aerogel demonstrated rich, 

interconnected micrometer-sized macropores without 

severe rGO restacking. 

The structure and morphology of the as-prepared 

Fe/Fe3C@N-rGO aerogel catalyst was further charac-

terized by transmission electron microscopy (TEM), 

from which a core–shell structure was clearly observed. 

The PB-derived core retained a cubic shape with a 

slightly reduced edge length of ~100 nm (Fig. 2(a)), and 

the shell displayed distinct lattice fringes with a spacing 

of 0.34 nm (Fig. 2(b)), which corresponded to the (002) 

plane of graphitic carbon. X-ray diffraction (XRD) 

spectroscopy was employed to analyze the composition 

during the synthetic process (Fig. 2(c)). The XRD 

spectrum of the PB@GO hydrogel displayed distinctive 

peaks that were in accord with the standard diffraction 

peaks of PB (JCPDS 77-1161), indicating that the PB 

nanocubes remained intact after the hydrothermal 

assembly. The broad amorphous bump between 20° 

to 30° in the XRD spectrum of PB@GO was attributed 

to GO. After pyrolysis, diffraction peaks assigned to Fe 

and Fe3C (JCPDS 06-0696 and 89-2867) were observed,  

 

Figure 1 Fabrication process of the 3D Fe/Fe3C@N-rGO aerogel catalyst. SEM images of (a) the as-synthesized PB@GO, (b) the 
PB@GO hydrogel obtained via hydrothermal treatment in acidic medium in the presence of DCDA, and (c) the Fe/Fe3C@N-rGO 
aerogel catalyst obtained via lyophilization and pyrolysis of the PB@GO hydrogel (insets are the digital camera images of the
corresponding states). 
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suggesting the complete conversion of PB through 

the heat treatment. Interestingly, compared to the 

aerogel obtained without the addition of DCDA during 

hydrothermal assembly (Fe/Fe3C@rGO), Fe/Fe3C@N- 

rGO exhibited a strong graphitic carbon peak at 26.2°, 

which was consistent with the TEM observation. This 

highlighted the indispensable role of DCDA in the 

formation of a highly graphitized carbon shell [11]. 

From the aforementioned results, we can conclude 

that the as-prepared aerogel catalyst was comprised 

of Fe/Fe3C nanoparticles encapsulated by a conformal 

layer of graphitic carbon, which may hamper particle 

corrosion and agglomeration during ORR. Besides 

facilitating graphitization, the addition of DCDA also 

led to the N-doping of the rGO skeleton, as confirmed 

by X-ray photoelectron spectroscopy (XPS). The XPS 

survey spectrum (Fig. S4 in the ESM) revealed the 

elemental composition of N to be ~5.2%, which was 

relatively high due to the high N content of PB and 

the incorporation of DCDA. Notably, the surface Fe 

was only 0.6 at.% as determined by XPS, while the 

actual Fe/Fe3C content was determined to be more 

 

Figure 2 (a) and (b) TEM images of the Fe/Fe3C@N-rGO aerogel catalyst. (c) XRD spectra of the PB@GO hydrogel, aerogel catalyst
without N doping (Fe/Fe3C@rGO) and aerogel catalyst with N doping (Fe/Fe3C@N-rGO). (d) High-resolution N 1s XPS spectra of 
Fe/Fe3C@N-rGO. (e) N2 adsorption–desorption isotherms of Fe/Fe3C, Fe/Fe3C@N-rGO aerogel, and Fe/Fe3C-rGO derived from the 
direct pyrolysis of PB@GO composite. (f) Pore size distribution obtained from the N2 adsorption–desorption isotherms. 
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than 60 wt.% using thermogravimetric analysis (TGA; 

Fig. S5 in the ESM). This difference mainly resulted 

from the shielding of Fe/Fe3C nanoparticles by the 

graphitic carbon shells. The high resolution N 1s 

spectrum was deconvoluted into four peaks repre-

senting pyridinic (398.5 eV), pyrrolic (400.9 eV), graphitic 

(402.5 eV), and oxygenated (405.1 eV) N. The especially 

high pyridinic and pyrrolic N contents are desirable, 

because these N-containing species are capable of 

coordinating with Fe to form Fe–Nx moieties and thus 

are generally considered to be ORR active [6, 15, 43]. 

To confirm the enhanced active site accessibility, N2 

sorption analysis was performed on the Fe/Fe3C@N- 

rGO aerogel catalyst and compared to catalysts 

obtained via the direct pyrolysis of PB (Fe/Fe3C) and 

PB@GO (Fe/Fe3C-rGO, without hydrothermal assembly). 

The Brunauer–Emmett–Teller (BET) surface area and 

pore distribution data is summarized in Table S1  

(in the ESM). The BET surface area of Fe/Fe3C was 

~60.8 m2/g, while that of Fe/Fe3C-rGO was ~75.4 m2/g. 

The improvement was only moderate, indicating severe 

rGO restacking during thermal treatment. However, as 

can be seen from Fig. 2(e), the Fe/Fe3C@N-rGO aerogel 

displayed a type IV isotherm, which is characteristic 

of mesoporous materials. The BET surface area of the 

Fe/Fe3C@N-rGO aerogel increased to 380 m2/g, which 

was more than 5 times the value of Fe/Fe3C-rGO, 

together with much greater pore area and pore volume. 

Such differences indicate the effectiveness of the aerogel 

structure in preventing GO restacking during pyrolysis. 

Although the rich macropores of the aerogel catalyst 

did not significantly contribute to the BET surface 

area, they are of paramount importance in expediting 

electrolyte filling and mass transport [44]. The SEM 

images of the directly pyrolyzed PB nanocubes (Fe/Fe3C) 

and PB@GO (Fe/Fe3C-rGO), from which apparent 

particle agglomeration was observed, further confirm 

the above discussion (Figs. S6 and S7 in the ESM).   

A more direct characterization of the catalytic active 

site accessibility was carried out through ECSA 

measurements, which can be estimated from the 

electrochemical double-layer capacitance (EDLC). As 

indicated in Fig. S8 (in the ESM), Fe/Fe3C@rGO had a 

larger EDLC (2.63 mF/cm2) compared to its directly 

pyrolyzed counterparts (1.35 mF/cm2 for Fe/Fe3C and 

1.73 mF/cm2 for Fe/Fe3C-rGO), which corroborated the 

N2 adsorption study. The N-doped aerogel catalysts 

possessed an even higher EDLC (4.23 mF/cm2), which 

could be explained by the enhanced binding between 

N atoms in the rGO basal plane and electrolyte ions 

[45]. Therefore, the N-doped aerogel structure likely 

offers a porous, interconnected 3D network that can 

efficiently improve the active site accessibility and 

mass transport capability of the ORR catalyst. 

Fundamental characterization of the as-obtained 

Fe/Fe3C@N-rGO catalyst revealed numerous charac-

teristics desirable for the ORR, including uniformly 

distributed catalyst nanoparticles, conformal graphitic 

carbon protecting shells, ample N-doping, and greatly 

enhanced active site accessibility. In order to evaluate 

the performance of the catalyst in the ORR, linear 

scanning voltammetry (LSV) curves were measured 

first on a RDE in 0.1 M KOH. As shown in Fig. 3(a), 

the rGO aerogel alone exhibited a low onset potential 

(0.84 V vs. RHE at 0.1 mA/cm2) and low current density, 

probably due to the lack of effective intrinsic active 

sites [31]. Similarly, Fe/Fe3C obtained from the direct 

pyrolysis of PB nanoparticles showed only mediocre 

activity, which could be attributed to the comparatively 

low accessible active site density caused by material 

agglomeration and the limited conductivity of Fe/Fe3C. 

However, an obvious improvement in the catalytic 

performance, especially in terms of current density, 

was observed when the two were coupled together 

by physical mixing (Fe/Fe3C+rGO), thanks to the high 

electron conductivity of rGO. In accord with our 

expectations, the aerogel catalyst exhibited an even 

more positive onset potential (0.91 V vs. RHE) and an 

improved current density. The best ORR performance 

was achieved by the N-doped aerogel catalyst (Fe/ 

Fe3C@N-rGO), with an onset potential of 0.95 V and  

a half-wave potential of 0.82 V. This performance  

was on par with the commercial Pt/C benchmark 

(Fuel Cell Store) even at the same mass loading, 

which is rather remarkable (Table S2 in the ESM). In 

order to gain further insight into the ORR kinetics, 

the electron transfer number (n) was calculated by 

the Koutecky–Levich (K–L) equation, which yielded 

n ~ 4.0. Therefore, the catalyst favors a desirable four- 

electron oxygen reduction pathway, similar to that of 

Pt/C. In addition, the Fe/Fe3C@N-rGO showed a Tafel 

slope (78 mV/decade), which was comparable to that  
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of Pt/C (73 mV/decade), indicating good reaction 

kinetics.  

To investigate the catalytic properties of the developed 

catalyst in a setting similar to that in fuel cells, we 

loaded the catalyst on Teflon-treated carbon fiber paper 

(CFP, Fuel Cell Store Toray Paper 060) and measured 

the iR-corrected polarization curves. In 1 M KOH, 

Fe/Fe3C@N-rGO exhibited a similar performance to 

that of Pt/C (Fig. 3(c)), indicating the feasibility of the 

catalyst for real applications. The tolerance of cathode 

catalysts towards methanol crossover also plays a 

pivotal role in the commercialization of fuel cells.  

As shown in Fig. 3(d), after the injection of methanol, 

Fe/Fe3C@N-rGO exhibited minimal alteration in the 

ORR current, while that of Pt/C drastically changed 

due methanol oxidation. Therefore, the developed 

catalyst exhibited superior electrocatalytic selectivity 

towards the ORR. Finally, the durability of Fe/Fe3C@N- 

rGO and Pt/C was compared by chronoamperometric 

measurements at 0.7 V vs. RHE in O2-saturated 0.1 M 

KOH. After 20,000 s, Fe/Fe3C@N-rGO retained up to 

89.5% of its initial current, while that of Pt/C decreased  

 

Figure 3 (a) RDE voltammograms of various ORR catalysts in O2-saturated 0.1 M KOH at a rotation speed of 1,600 rpm (potential 
sweep rate 5 mV/s). The catalyst loading was 0.15 mg/cm2 for all samples. (b) ORR polarization curves of Fe/Fe3C@N-rGO at various 
rotating rates. The inset shows the corresponding K–L plots. (c) ORR polarization curves of Fe/Fe3C@N-rGO and Pt/C on CFP in 
O2-saturated 1 M KOH. The catalyst loading was 0.25 mg/cm2. (d) Methanol tolerance experiment with the addition of 3 M methanol to 
O2-saturated 0.1 M KOH at 0.7 V vs. RHE (rotation speed = 1,600 rpm). (e) Chronoamperometric responses of the catalysts at 0.7 V vs. 
RHE (rotation speed = 1,600 rpm). 
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by more than 31% under the same experimental 

conditions.  

The aforementioned electrochemical characterization 

can serve as strong evidence of the effectiveness of 

the proposed PB 3D aerogel design in enhancing the 

accessible active site density and thus the electrocatalytic 

performance of M–N/C catalysts. Nevertheless, the 

exact roles of each component in Fe/Fe3C@N-rGO in 

the ORR remain to be elucidated. Therefore, further 

experiments were carried out in order to obtain a 

deeper understanding. First, in order to clarify the 

function of Fe and Fe3C, chemically unstable metallic 

Fe species were selectively removed by vigorous acid 

leaching as confirmed by XRD (Fig. 4(a)). However, 

the acid leaching process did not significantly alter the 

electrochemical performance of the catalyst, despite a 

slight decrease in the diffusion-limited current density 

(Fig. 4(b)). This suggests that Fe, or more precisely, 

free metallic Fe species, may not be necessary for 

improving the ORR performance [39, 46]. Notably, the 

acid-leached aerogel catalyst also exhibited promising 

ORR activity in acidic media (Fig. S11 in the ESM). 

Although the onset potential decreased below that of 

Pt/C in O2-saturated 0.05 M H2SO4, the limiting current 

 

Figure 4 (a) XRD spectra of the Fe/Fe3C@N-rGO catalyst before and after acid etching, which demonstrate successful removal of 
metallic Fe. (b) ORR polarization curves of Fe/Fe3C@N-rGO before and after acid leaching. (c) Schematic illustration of the effect of 
ball milling on the aerogel catalyst. Ball milling can not only break apart the Fe3C core, but also detach the graphitic carbon shell from 
the Fe3C surface. (d) ORR polarization curves of Fe/Fe3C@N-rGO, ball-milled Fe/Fe3C@N-rGO, and ball-milled Fe/Fe3C@N-rGO 
after acid leaching. (e) TEM image of ball-milled Fe/Fe3C@N-rGO. (f) Chronoamperometric responses of ball-milled Fe/Fe3C@N-rGO 
at 0.7 V vs. RHE (rotation speed = 1,600 rpm). 
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(6.2 mA/cm2 at 0.3 V) was much higher than that of 

Pt/C (5.7 mA/cm2 at 0.3 V) and it exhibited superior 

long-term stability.  

As for Fe3C, the Fe3C nanoparticles were encapsulated 

within the graphitic carbon shell and, thus, were not 

in direct contact with the electrolyte. Therefore, the 

function of Fe3C is debatable. Encapsulated Fe3C can 

likely modify the electron density of the surrounding 

graphitic carbon, promoting charge transfer from 

carbon to O2; in turn, the carbon shell would enhance 

the interfacial contact, and suppress Fe3C dissolution 

and agglomeration in the electrolyte [27, 39, 47]. To 

verify the synergistic effect of encapsulated Fe3C  

and the graphitic carbon shell, Fe/Fe3C@N-rGO was 

subjected to high-energy ball milling, the effect of 

which is schematically illustrated in Fig. 4(c). Ball 

milling can break apart the Fe3C particles and destroy 

the protective carbon shells around them, as revealed 

by TEM (Fig. 4(e)). After milling, an apparent negative 

shift in the onset potential and a decrease in the current 

density were observed (Fig. 4(d)), probably due to the 

disruption of the contact between graphitic carbon 

and Fe3C. Moreover, the Fe3C nanoparticles were 

exposed and therefore soluble in hot acid after milling. 

As a result, the ball-milled sample exhibited an even 

worse ORR performance after acid leaching, due to 

the removal of Fe3C, which could no longer activate 

the surrounding carbon. Correspondingly, the ball- 

milled aerogel catalyst displayed deteriorated stability 

(Fig. 4(f)), with merely 83.7% current retention after 

only 10,000 s (compared to 89.5% current retention after 

20,000 s for the original sample). In addition, the fact 

that the aerogel catalysts greatly outperformed the 

physically mixed counterpart also supported the 

importance of good graphitic carbon-Fe3C electrical 

contact in ORR catalysis. Thus, although Fe3C nano-

particles are not in direct contact with O2, they still 

play an important role in ORR catalysis, which is 

most likely defined as a host–guest interaction with 

the surrounding protective carbon layers. Finally, in 

regard to the function of N-doped rGO, the doping of 

carbon-based materials with heteroatoms such as N 

could easily shift the electron neutrality of adjacent 

carbon atoms and create positively charged sites, 

favoring O2 adsorption and reduction [47], in addition 

to the formation of ORR-active Fe–Nx moieties. 

3 Conclusions 

In conclusion, we have successfully developed a 

facile route to obtain 3D Fe/Fe3C N-doped graphene 

aerogel ORR electrocatalysts with a hierarchical pore 

system. PB is an ideal precursor to obtain the M–N/C 

catalyst due to its large surface area, high-density 

Fe–N4 coordination sites, and low cost. By directly 

anchoring PB nanoparticles on GO followed by hydro-

thermal assembly, particle agglomeration during the 

subsequent pyrolysis step can be effectively hampered, 

affording a catalyst with numerous catalytic centers 

of high intrinsic activity, and greatly enhanced 

active site density and accessibility. The obtained Fe/ 

Fe3C@N-rGO catalyst displayed excellent ORR activity 

on par with that of the state-of-the-art Pt/C catalyst  

in alkaline media at the same mass loading and 

outstanding ORR activity in acidic media along with 

remarkable stability and methanol crossover tolerance, 

which was among the best nonprecious-metal ORR 

catalysts reported to date. In addition, we found that 

Fe3C was important for ORR catalysis, owing to its 

synergistic effects with graphitic carbon. Although it 

is not in direct contact with the electrolyte, Fe3C may 

activate the surrounding graphitic carbon layers 

towards ORR; in turn, the protecting carbon shells 

enabled rapid shuttling of charges and protected the 

Fe3C cores from dissolution and agglomeration during 

operation. The PB-derived aerogel catalyst with 

enhanced active site accessibility will shed light on 

novel design principles for the efficient synthesis of 

nonprecious-metal electrocatalysts. Given the variety 

of MOF-based structures, this approach could be 

widely adopted to generate tailored materials for 

various catalytic applications.  
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