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A N-self-doped carbon catalyst derived from pig blood for oxygen
reduction with high activity and stability
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A B S T R A C T

A new pig blood-derived N-self-doped carbon catalyst is successfully fabricated with aid of metal iron
in the synthetic process. The prepared catalyst shows an excellent oxygen reduction reaction (ORR)
performance with high onset potential (Eonset = �0.04 V) and half-wave potential (E1/2 = �0.16 V), which
very approaches that of the commercial Pt/C catalyst (Eonset = �0.03 V, E1/2 = �0.14 V) in alkaline
electrolytes. Particularly, the catalyst possesses a significantly superior stability and immunity for
methanol crossover and CO poisoning than that of Pt/C. The synthetic method is simple and
cost-effective, providing a great opportunity to produce an eco-friendly and cheaper non-platinum
fuel cell catalyst by using abundant natural biological resources.
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1. Introduction

Low temperature fuel cells (LTFCs) with high energy and power
density are attracting widespread attention as green and efficient
alternative energy sources in future [1–3]. However, as the best
catalytic activity for ORR, expensive platinum (Pt) or Pt based
catalysts usually have to be used owing to the sluggish ORR under
ambient condition. Meanwhile, such catalysts still suffer from
poor stability and serious intermediate tolerance, such as CO
poisoning and methanol crossover [4], severely confining the
commercialization of LTFCs. Consequently, developing high
cost-effective and durable catalysts for efficient oxygen reduction
to replace Pt-based catalysts has become one of the most attractive
topics in fuel cell fields.

Recently the carbon-based catalyst has been confirmed as one
of the most promising alternatives to Pt-based catalysts because
carbon is more abundant and much less expensive than Pt.
Moreover, the introduction of heteroatoms (N, B, P, S, F, Fe or Co et.
al) atoms into sp2-hybridized carbon frameworks can effectively
modify their non-uniform distribution of the spin and atomic
charge density, which is very important for oxygen adsorption and
activity enhancement [4–9]. These heteroatom-doped carbon
materials not only possess a high catalytic activity, but have
long-term stability and excellent intermediate tolerance compared
to Pt-based catalysts in LTFCs [2,10,11]. However, such materials are
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either expensive or harmful to human health because most of them
derive from fossil, hazardous inorganic or organic chemicals even
ammonia, [1,2,12,13]. Besides, their preparation is typically carried
out with complex procedures or stringent conditions. Therefore,
developing high cost-effective N-doped carbon catalysts with
excellent functional properties by using non-toxic and cheaper
renewable resources, is eagerly expected.

Animal blood, especially pig blood (PB) is one of most meat
industry byproducts around the world. Only in China, more than
2.5 million tons of PB is produced per year [14,15], and
predominantly used as fodder or thrown away as wastes, seriously
debasing the value of PB. Nevertheless, PB as a cheap biological
N-enriched (18% protein) renewable resource [14,15], is potential
to be applied to fabricate a new N-self-doped carbon catalyst with
high electrocatalytic performance only by adding extremely low
amount of iron. Although several doped carbon materials
generated from animal resources were studied in the literature
[16,17], to the best of our knowledge, there is a rare report on high
cost-effective fabrication of N-self-doped carbon as a high activity
catalyst for ORR that very approaches the commercial Pt/C catalyst.

2. Experimental Section

2.1. Materials

Pig blood (PB) was collected from local slaughter plant. Ferric
chloride (FeCl3�6H2O) and potassium hydroxide (KOH) were
purchased from Sinopharm Chemical Reagent, and Nafion solution
(5 wt %) was obtained from Sigma-Aldrich. All the chemicals were
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used as delivered without further treatment. Ultra pure water was
obtained from a Lab. ultra pure water filter system with a resistivity
�18 MV cm�1. Rotating disk electrodes of glassy carbon (RDE,
5 mm in diameter) were purchased from Tianjin Aida Hengsheng
Tech. Co., China.

2.2. Material syntheses

PB was diluted with an equal amount of water. And then
0.1 mol L�1 FeCl3 solution was added drop-wise to the above
suspension and kept stirring for 2 h (Fe: PB = 1: 25, wt. %). The
mixture was cooked in a water bath (100 �C, 2 hours), and then dried
in an air-circulating oven at 80 �C to obtain the precursor. The
precursor was carbonized at 900 �C in an inert atmosphere.
Temperature settings were as follows: the precursor was performed
at 200 �C for 0.5 h at a heating rate of 2 �C/min in an inert atmosphere,
subsequently it was performed at 900 �C for 2 h at a heating rate of
5 �C/min in an inert atmosphere, and then the sample was cooled
underthe same atmosphere from 900 �C to 60 �C. After that, the black
carbonwas transferredinto a milling tank andgrinded on a planetary
ball mill (Nanjing Chishun Science & Technology Co., Ltd. PM) for 4 h
at 250 rpm. The resulting carbon powder was pre-leached in 0.5 M
H2SO4 at 80 �C for 8 h to remove unstable and inactive species from
the catalyst, followed by thoroughly washed in de-ionized water and
absolute ethyl alcohol, and then dried at 80 �C under vacuum. Finally,
the product was heat-treated again at 900 �C for 2 h at a heating rate
of 5 �C/min in nitrogen atmosphere to obtain the CPB-Fe. For
comparison, the sample of CPB (without iron), was also obtained by
the similar way. The specific synthesis process of CPB-Fe catalyst is
shown in Fig. S1 (Supplementary Information, SI).

2.3. Physical and Chemical Characterizations

The morphology and structure of the samples were further
analyzed using JSM-7100F field emission scanning electron
Fig. 1. FESEM and HRTEM images of CPB
microscope (FESEM) and JEM-2100 high-resolution transmission
electron microscopy (HRTEM). Nitrogen adsorption-desorption
isotherms were recorded at 78 K with a Micromeritics ASAP
2020 Brunauer Emmett Teller (BET) analyzer. The electronic
structure of surfaces for the catalyst was performed using
VG-Multi-lab2000 X-ray photoelectron spectroscopy (XPS).
Accurate iron content of these catalysts was performed using
inductively coupled plasma–atomic emission spectrometry
(ICP-AES). Raman spectroscopy was carried out on a Renishaw
using the Ar ion laser with an excitation wavelength of 514.5 nm.

2.4. Electrochemical characterizations

The working electrode was prepared by loading 0.6 mg cm�2

sample on a glassy carbon electrode. Prior to preparing the
working electrode, a homogeneous catalyst ink was made by
mixture of 5.0 mg catalyst, 25 mL Nafion ionomer solution (5 wt%,
DuPont) and 0.475 mL ultra pure water. As a benchmark, the
commercial Pt/C (20 wt%, JM) catalyst was also spread onto the
surface of a glassy carbon disk electrode in a similar way, the Pt
loading was 20 mg Pt cm�2. All the electrochemical properties of
the catalysts were measured using a conventional three compart-
ment electro-chemical cell in 0.1 M KOH aqueous solution. Besides
the prepared working electrode, the counter and reference
electrodes were a platinum wire and an saturated calomel
electrode (SCE) electrode, respectively. The ORR activity was
carried out using rotating disk electrode (RDE) technique by linear
sweep voltammetry (LSV) in the potential range of �1 to 0.2 V (vs.
SCE) with a scan rate of 5 mV s�1 at different rotation rate from
400 to 2000 rpm in an O2-saturated 0.1 M KOH solution. Cyclic
voltammetry (CV) curves were collected in the potential range
of �1 to 0.2 V (vs. SCE) with a scan rate of 50 mV s�1 in an
O2-saturated 0.1 M KOH solution. ORR stabilities of the catalyst
was investigated by current vs time (i-t) chronoamperometric
response of the PB-Fe and Pt/C during a constant potential at
 (a, c and e) and CPB-Fe (b, d and f).
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�0.35 V at a rotation rate of 1600 rpm in O2-saturated 0.1 M KOH.
The tolerance of the catalysts were investigated by CV, LSV and i-t
chronoamperometric response during a constant potential at
�0.5 V in (O2-saturated, O2+ CO (VCO/VO2 = 10%) and O2+ 3 M
CH3OH) 0.1 M KOH solution.

3. Result and discussion

Morphologies of the catalyst were investigated by means of
FESEM and HRTEM. As shown in Fig. 1a and b, both CPB and CPB-Fe
exhibit nearly identical morphologies, and the HRTEM images
further show they possess rich porous structures (Fig. 1c and d).
These suggest that such biology-derived carbon materials own a
high specific surface area (see below). Fig. 1f shows graphitized
carbon lattice fringes present in CPB–Fe, while obvious amorphous
carbon remains in CPB (Fig. 1e), indicating the addition of trace
iron can play an important role in forming graphitized structure
carbon in terms of the catalytic function of iron at a lower
temperature [18,19].
Fig. 2. N2 adsorption-desorption isotherms (a), pore size distribution (b), Raman (c) and
and CPB-Fe (f).
From the N2 adsorption–desorption isotherms in Fig. 2a and b,
CPB-Fe shows a higher BET specific surface area (641 m2g�1) and a
larger the porosity than that of CPB (463 m2g�1). These are mainly
caused by the removal of iron oxides by acid leaching that leads to
the formation of pore structures in CPB-Fe [19,20]. Enhanced ORR
activity is expected because both the porous structure and high
surface area can expose more active sites and benefit to the
diffusion of ORR related species [1,12,21,22].

Raman spectra of the doped carbon catalysts are shown in
Fig. 2c. The D peak (ca. 1340 cm�1) and G peak (ca. 1590 cm�1) are
indicative of amorphous carbon and crystalline graphitic carbon,
respectively [8,13,24]. And then the intensity ratio of the D to G
bands (ID/IG) was used to estimate the graphitization degree of the
samples [13,18,24]. Compared with CPB, CPB-Fe reveals a lower
ratio of ID/IG, indicating the enhancement of graphitization degree
with addition of iron, which is in good agreement with the HRTEM
results. XPS patterns display the catalysts are predominantly
composed of C, N and O (Fig. 2d and Table S1). The N1s spectra can
be deconvoluted into four peaks related to four types of N species:
 survey XPS spectra (d) of CPB, CPB-Fe catalysts, respectively; N1s spectra of CPB (e)
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the peak at 402.3 � 0.3 eV, 401.1 �0.3 eV, 400.5 � 0.3 eV and
398.2 � 0.3 eV can be attributed to oxidized N, graphitic N, pyrrolic
N, and pyridinic N, respectively (Fig. 2e and f) [5,8,10]. The fitted
results exhibit the total content of N in CPB-Fe is slightly lower than
CPB (Table S1), however the amounts of pyridinic N in CPB-Fe is
higher than that of CPB due to the promotion of iron to forming
pyridinic N at high temperatures [4,8,25]. Among them, graphitic
Fig. 3. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) curves for CPB, CP
extracted from Fig. 3b (c); ORR polarization curves for CPL (d) and CPL-Fe (e) catalysts at
CPB-Fe and Pt/C catalysts in O2-saturated during a constant potential at �0.35 V (SCE) at
were tested in O2-saturated 0.1 M KOH solution with scanning rates of 50 mV s�1; LSV cu
rates of 5 mV s�1 and the rotation rate at 1600 rpm. Eonset was defined as the potential at
potential at which the ORR current is 50% of the limiting current density [23], respect
N could greatly increase the limiting current density, and pyridinic
N could improve the onset potential and wettability, while other N
species such as pyrrolic N and oxidized N have little impact on the
electrochemical performance of carbon materials [4,5]. As
reported, iron can promote the formation of the pyridinic and
graphitic N at elevated temperatures [19]. The content of trace iron
in CPB and CPB-Fe (0.212 and 0.938 wt%, respectively) was
B-Fe, and commercial Pt/C catalysts (a and b); Tafel plots for CPB, CPB-Fe and Pt/C
 different rotating rates, inset: K-L plots; i-t chronoamperometric responses of CPB,

 a rotation rate of 1600 rpm; inset: the ratio of the J/J0 (f). CV curves for all catalysts
rves for all catalysts were tested in O2-saturated 0.1 M KOH solution with scanning

 which the ORR current is 5% of the limiting current density, E1/2 was defined as the
ively.



Fig. 4. i-t chronoamperometric responses of CPB, CPB-Fe and Pt/C in CO and
O2-saturated (VCO/VO2 = 10%) (c) and 3 M methanol O2-saturated (d) during a
constant potential at �0.5 V (SCE) at a rotation rate of 1600 rpm in 0.1 M KOH.
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determined by inductively coupled plasma–atomic emission
spectrometry. Hitherto, a large amount of literature has presented
the preserved trace metal iron in catalysts can facilitate the
electrocatalytic performance towards ORR [1,25–27].

Fig. 3a shows the CV curves of both CPB and CPB-Fe in
O2-saturated 0.1 M KOH solution. CPB exhibits a well-defined
characteristic ORR peak centered at �0.22 V for O2 reduction.
After addition of iron into PB, the ORR peak of CPB-Fe is shifted
to a more positive potential at �0.19 V, which is almost the
same as the commercial Pt/C catalyst (�0.18 V). Fig. 3b also
presents a more positive onset potential (Eonset = �0.04 V),
half-wave potential (E1/2 = �0.16 V) and higher limiting
current density (LCD = 4.9 mA cm�2) for CPB-Fe than that of
CPB (Eonset = �0.08 V, E1/2 = �0.24 V and LCD = 4.3 mA cm�2).
Particularly, Eonset and E1/2 of CPB-Fe are well comparable to that
of Pt/C (Eonset = �0.03 V, E1/2 = �0.14 V), and as same as that of the
reported N-doped carbon nanotubes and graphene catalysts
(Table S2). Subsequently, Tafel slope (Fig. 3c) of CPB is 66 mV
decade�1, which is much lower than CPB (78 mV decade�1) and
very approaches Pt/C (63 mV decade�1), implying the ORR
mechanism of our catalysts is similar to the Pt-based catalyst in
alkaline media. Based on the aforementioned characterization of
the catalyst, the enhanced ORR activity of CPB-Fe can be attributed
to the porous structure and high surface area, improved
graphitization and high ratio of active N-containing species
(pyridinic and graphitic N) [4,11,25].

To further understand the ORR mechanism of our catalysts, the
ORR polarization curves at various rotating rates from 400 to
2000 rpm (Fig. 3d, e) were tested. The Kouteckye-Levich (K-L)
formula [13,25] (SI) was employed to calculate the average electron
transfer number (na) based on the fact that the ORR current
densities depend on the electrode rotation rates. According to the
slope from the K-L plots (inset of Fig. 3d, e), the na value of CPB is
3.4, while the na of CPB-Fe is 3.8, which is very close to the
4 electron transfer number of Pt/C.

Fig. 3f shows the long-term testing results for CPB, CPB-Fe and
Pt/C catalysts by recording the i-t chronoamperometric response in
an O2-saturated 0.1 M KOH solution. After 10,000 s, the current
density attenuation for CPB and CPB-Fe is 5 and 3%, respectively.
However, for Pt/C, the attenuation is up to 15%. The half-wave
potential decay (DE1/2) of CPB, CPB-Fe and Pt/C catalysts before and
after continuous potential cycles for 5000 times was also
investigated, as shown in Fig. S2. DE1/2 of CPB and CPB-Fe is
15 and 11 mV, respectively, both of which is lower than that of Pt/C
(DE1/2 =29 mV). These results indicate the biology-derived doped
carbon catalyst has a better electrochemical stability than the
state-of-the-art Pt/C catalyst in alkaline media. The loss of the
specific catalytic activity of Pt/C catalyst can be attributed to the
migration and aggregation of Pt nanoparticles caused by continu-
ous potential [1,3,9,27,28]. The excellent stability of the carbon
catalyst can be predominantly attributed to the covalent bonding
of the catalytically active heteroatom to the carbon framework,
unlike the physical bonding of Pt over carbon supports [11,21,22].
In addition, the slightly higher stability of CPB-Fe than that of CPB
can be attributed to the higher graphitization degree [8,10,25].

To investigate fuel crossover and poisoning impacts, we
performed the electrocatalytic selectivity of catalysts against the
electro-oxidation of methanol and CO by recording i-t chronoam-
perometric response. Fig. 4a shows CPB and CPB-Fe catalysts are
insensitive to CO poisoning, whereas Pt/C is rapidly poisoned with
a dramatically decreased current density. In addition, as shown in
Fig. 4b, the current response of CPB and CPB-Fe remains unchanged
after introduction of 3 M methanol into the O2-saturated 0.1 M
KOH solution, demonstrating they are insensitive to methanol. On
contrary, Pt/C shows an instantaneous current jump upon the
addition of methanol, reflecting sensitivity or low tolerance to
methanol. The current lost of Pt/C is predominantly caused by the
blockage of active sites on Pt nanoparticles by absorbing CO or
methanol oxidation intermediate products [27,29]. It is reported
that the adsorption energy (1.86 eV) of CO on Pt (111) surfaces is
twice as large as that of O2 (0.84 eV) [30]. These results reveal that
the N-self-doped carbon catalyst has a significantly superior
stability and immunity towards methanol crossover and CO
poisoning than that of Pt/C, indicating a promising alternative to
Pt-based catalyst for alkaline fuel cell at cathode.

4. Conclusions

We report a facile and high cost-effective method in
fabricating a novel N-self-doped carbon-based ORR catalyst
originated from pig blood. It is found that the addition of iron
to the precursor can significantly enhance ORR performance of
CPB-Fe due to the increased graphitization  degree, surface
area and active N species content as the self-N-doped carbon
catalyst. In addition, the catalyst also shows superior stability
and immunity for methanol crossover and CO poisoning  in
comparison with that of the commercial Pt/C catalyst. Thus,
this study provides a very promising scenario to produce an
eco-friendly and cheaper doped carbon catalyst for ORR, and
even new application beyond fuel cells.
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