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electrocatalytic reduction and evolution of 
molecular oxygen severely limit the effi -
ciency of these devices. [ 3a,4 ]  

 A large range of materials has been 
explored in order to fi nd an effi cient and 
stable electrocatalyst for the critical oxygen 
side. Even the more promising materials 
still show multiple problems in perfor-
mance. Platinum (Pt), which is commer-
cially used as ORR catalyst in form of 
carbon-supported Pt nanoparticles (Pt/C) 
suffers from the cross-over effect and 
low durability. [ 5 ]  Iridium oxide (IrO 2 ) and 
ruthenium oxide (RuO 2 ) are regarded as 
the most promising OER electrocatalyst in 
acid and base, respectively. Both catalysts 
show good effi ciency and high current 
densities at low overpotentials, but also 
lack in long-term stability. In addition to 
the performance problems, so far these 
most promising catalysts are not viable, 
because of the low abundance and very 

high costs. [ 6 ]  Over recent years, considerable research efforts 
have been made to the design and synthesis of the OER elec-
tracatalyst based on earth-abundant elements. [ 7 ]  To achieve 
practical applications, earth-abundant cobalt oxides or substi-
tuted cobaltites exhibit relatively good OER activities. [ 7,8 ]  On the 
other hand, carbon nanomaterials, due to their high stability, 
conductivity and the possibility to control the morphology, are 
very interesting materials and already widely applied in electro-
chemical devices e.g., as catalyst support in polymer-electrolyte 
fuel cells. [ 1b,9 ]  Heteroatom doping here can further improve 
bulk properties and surface chemical properties. Highly inter-
esting observations like synergistic catalytic effects (due to 
dyade formation) [ 4b,9,10 ]  on the catalytic activity of hybrid carbon 
materials but also on the direct electrocatalytic activity of e.g., 
heteroelements doped carbon [ 2a,4d,11 ]  towards the ORR can be 
attributed to this. Moreover, in many examples it has been pos-
sible to synthesize carbons and carbon hybrids from renew-
able precursors and in an environmentally friendly process. [ 12 ]  
Hybrid materials have been proposed to further promote the 
electrocatalytic activity of the as-obtained materials. [ 2a,10e,11a,13 ]  
Therefore, the development of sustainable and effi cient bifunc-
tional O 2− /oxygen electrocatalysts from cheap and abundant 
materials is highly desired for a successful future of fuel cells 
and metal air batteries. [ 14 ]  

 Recent research shows that the preparation of doped carbons 
have moved from expensive, and (or) hazardous organic chemi-
cals to renewable biomass as precursors due to the sustainable 
considerations. Some efforts have been taken to synthesize 
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  1.     Introduction 

 The ever-increasing sustainable energy demands have drawn a 
great deal of interest to electrochemical energy conversions and/
or storage technologies. [ 1 ]  To meet the growing global require-
ments in terms of energy conversion and distribution, the 
exploration of alternative electrodes with a controlled chemical 
composition and well-designed architecture will be an ongoing 
task to achieve a dramatic performance enhancement. [ 2 ]  We 
also need to keep in mind the use of abundant resources to 
guarantee recyclability and low costs, which further challenges 
the current research. The electrochemical conversion of the 
O 2− /oxygen couple is the heart of the next-generation energy 
technologies including metal-air batteries and devices, which 
can be reversibly used as water electrolyzer and fuel cell, both 
with a desired zero emission regarding greenhouse gasses. The 
oxygen reduction reaction (ORR) is the ubiquitous cathode reac-
tion in fuel cells, while the oxygen evolution reaction (OER) is 
the anode reaction employed in energy conversion and storage 
such as electrolysis cells, solar fuel synthesis and recharge-
able metal-air batteries. [ 3 ]  However, the sluggish kinetics in the 
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porous carbons from organic-rich bio-wastes such as prawn 
shells, pig bones, egg-shell membranes and human hairs. [ 15 ]  
Herein, we present a simple strategy that enables facile, econom-
ical and scalable preparation of foam-like porous heteroatom 
doped carbon/Co 3 O 4  nanoparticle hybrid materials. First the 
foam-like heteroatom doped carbon is obtained from a concerted 
hard templating and activation strategy using conventional 
blood powder (BP) as a carbon source and commercial CaCO 3  
nanoparticles as template and activating agent ( Scheme    1  ). 
Nanosized CaCO 3  templates are commercially available and 
very cheap, with a particle size that can be well-tuned in the 
range of 10–100 nm with a narrow distribution. Compared with 
the previous silica and soft template methods, the CaCO 3  tem-
plate method is more facile and cost-effi cient. However, up to 
date, only few kinds of precursors such as sucrose, polyacryloni-
trile, phenol-formaldehyde (PF) resin, melamine-formaldehyde 
(MF) resin, and gelatin were utilized using CaCO 3  templates 
for the synthesis of porous carbons. [ 16 ]  Different from other 
precursors, herein BP was chosen as unique carbon precursor 
for the synthesis of nitrogen, phosphorus and sulfur ternary-
doped porous carbon. Different from other reports, which used 
solution-based methods to homogeneously disperse CaCO 3  
templates within the precursor matrix we simply used a solid 
state grinding technique to successfully homogenate precursor 
and template before carbonization. In a second step Co 3 O 4  
nanoparticles were deposited onto the blood powder derived 
heteroatom doped carbon (BDHC) by a simple one-pot thermal 
deposition technique.   

  2.     Results and Discussion 

 The as-received BP, which is derived from drying pig’s blood, 
is a widely used fertilizer and in large amounts cheap commer-
cially available source of protein with excellent crude protein 
values and a typical elemental composition of 50 wt% carbon, 
15 wt% nitrogen, 0.5 wt% sulfur, and 6 wt% hydrogen. [ 17 ]  
Thus, BP may be considered as a promising and sustainable 

precursor for heteroatom-doped carbons (with heteroatoms 
being especially nitrogen, but also sulfur and phosphorous). [ 18 ]  
It is to mention that of course other heteroatoms, such as sulfur 
and oxygen, but also phosphorous coming from protein and 
nucleic acids will be incorporated to certain content. Especially 
in the context of ORR, where Fe-N coordinated macrocylcles are 
expected to present highly active catalytic sites, [ 4a,9c ]  BP is attrac-
tive due to presence of large amounts [ 17 ]  of heme complexes, 
which give rise to the red-brown color of BP. Most of the blood 
protein appears in blood cells which have –depending on the 
type of cell- spherical or plate-like shapes (Figure S1a). The uti-
lization of nanosized CaCO 3  with a particle size of  circa  23 nm 
(Figure S1b) as a hard template/activating agent, it is interesting 
to fi nd that highly porous BDHCs with variable morphologies 
can be obtained simply by changing the initial mass ratios of 
BP to CaCO 3 . As investigated by electron microscopy, for the 
initial ratio of BP:CaCO 3  = 2/1, the as-prepared carbon, namely, 
BDHC-2:1, has large interconnected mesopore system with a 
typically spherical pore shape and pores being similar to the par-
ticle size of the used CaCO 3  nanospheres. This clearly indicates 
the partial shape replication by means of nanocasting, i.e., that 
the CaCO 3  particles were embedded into the precursor matrix to 
act as hard templates for the mesopore generation ( Figure    1  a,b 
and Figure S1c). When the relative amount of CaCO 3  was 
increased (BP:CaCO 3  = 1:1) a highly porous carbon (BDHC-1:1) 
with a foam-like morphology, composed of a fi brous network 
was found (Figure  1 c, d and Figure S1d). For comparison, the 
carbonization of BP without CaCO 3  template, further denoted 
as BCNC, created carbons with smooth surfaces, indicating no 
obvious porosity throughout the sample (Figure S1e). It should 
be noted that nanosized CaCO 3  template is not only very cheap; 
it can also very easily be removed with diluted hydrochloric acid. 
This is a clear advantage over traditional silica hard templating, 
which often has to be removed by corrosive hydrofl uoric acid. [ 19 ]  
Interestingly, in spite of the complicated structure of BP, the 
template can easily be dispersed within the carbon matrix by 
simple, but thorough grinding, as evidenced by SEM imaging 
of BP-CaCO 3  mixture after grinding (Figure S1f).  

Adv. Funct. Mater. 2014, 24, 7655–7665

www.afm-journal.de
www.MaterialsViews.com

 Scheme 1.    Schematic of the fabrication process for Co 3 O 4  decorated BDHC.
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 Nitrogen sorption analysis was performed to get a more 
detailed insight into the products porosity. Apparent sur-
face areas ( Table    1  ) and pore size distributions (Figure S2) 
of BDHCs were determined by the typical nitrogen (77 K) 
adsorption/desorption isotherms (Figure  1 f) by applying the 

Brunauer-Emmett-Teller (BET) model and the nonlocal den-
sity functional theory (NLDFT) equilibrium model method 
for slit pores, respectively. The templated BDHCs (BDHC-1:2 
and BDHC-1:1) show nitrogen (77 K) adsorption/desorption 
isotherms similar to IUPAC type IV, with a sharp capillary 
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 Figure 1.    SEM and TEM images of a, b) BDHC-2:1 and c, d) BDHC-1:1, respectively. e) Nitrogen sorption isotherms of BCNC, BDHC-2:1 and BDHC-
1:1. f) Schematic representation of the formation of BDHC from the CaCO 3 -templating methods.
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condenzation step at very high relative pressures (p/p 0  > 0.9) 
and an H1-type hysteresis loop, indicating the existence of large 
pores in the as-prepared material. [ 20 ]  However, there is also hys-
teresis in the medium high pressure range (0.45 < p/p 0  < 0.8), 
indicative of mesopore contribution. At low relative pressures 
(p/p 0  < 0.1), strong micropore contributions can be observed, 
depending on the amount of CaCO 3  used. The increase of 
the initial BP:CaCO 3  ratio dramatically increases the nitrogen 
adsorption volume, indicating an additional activating role of 
the CaCO 3 . In agreement with the electron microscopical obser-
vations and in contrast to BDHC-2:1 and BDHC-1:1, BCNC 
shows a negligible amount of nitrogen adsorption, indicating a 
very low surface area. The overall specifi c surface areas signifi -
cantly increase from BCNC (34 m 2  g −1 ), due to the concerted 
CaCO 3  templating and activation to 825 and 1288 m 2  g −1  for 
the BDHC-2:1 and BDHC-1:1, respectively. Interestingly, there 
is no clear maximum in the pore size distribution at 23 nm, 
i.e., at the size of the hard template. Also there is no increase 
in the contribution of pores with this diameter at higher frac-
tions of CaCO 3 . We cannot observe a one-to-one replication of 
the template structure. However, the foam-like character can be 
explained by a strong contribution of gas evolution to the pore 
formation process. This obviously goes along with the amount 
of CaCO 3  and points to the additional role as activating agent.  

 To investigate the carbonization process to form BDHCs, 
thermogravimetric analysis (TGA) up to 1000 °C was carried 
out in N 2  atmosphere (Figure S2a). It can be seen, that neat 
CaCO 3  powder decomposes at about 600 °C, and a large weight 
loss can be observed between 600 and 760 °C. The character-
istic thermogram can be explained by the thermal decompo-
sition of CaCO 3  into calcium oxide and CO 2 . [ 16a,21 ]  The main 
carbonization process (accompanied by mass loss) of neat BP 
occurs at the temperature range 240 to 800 °C. For the CaCO 3  
templated samples, the weight loss of the sample still continues 
at the temperature range 800 to 900 °C, indicating that the CO 2  
derived from the pyrolysis of CaCO 3  may react with the carbon 
components, which will further induce the weight loss of the 
carbon samples. Therefore, during the carbonization process, 
the CaCO 3  particles not only serve as a hard template for pro-
ducing mesopores, but also offer CO 2  which can act as activa-
tion agent to create micropores, by means of the Boudouard 
equilibrium, at temperature higher than the CaCO 3  pyrolysis 
temperature. Physical activation of carbon with CO 2  is also an 

effective method to prepare activated carbon materials. How-
ever, the method has its inevitable disadvantages when it was 
used to prepare doped porous carbons for the applications as 
an electrocatalyst. Firstly, physical activation with CO 2  is usu-
ally conducted at certain temperatures (typically at ∼700–900 °C 
depending on different carbon sources), however, in this study, 
to increase the graphitization effect (infl uencing the conduc-
tivity of the as-obtained carbons) and control the content of 
heteroelements within the as-obtained carbons (infl uencing 
the active sites for the electrocatalytic performance), a tedious 
and high-energy-consuming two-step heat treatment is una-
voidable. In this study, during the carbonization process, nano-
sized CaCO 3  templates decomposed and in situ released CO 2  to 
develop micropores, and mesopores were generated by subse-
quent acid removal of the as-formed CaO nanoparticles. 

 Figure  1 f proposes a possible mechanism for the formation 
of fi brous network structures of the BDHC-1:1 sample. The 
large amounts of CaCO 3  templates within precursor matrix 
are inclined to percolate, and thus interconnected cavity chan-
nels may form during the carbonization process of the BP fol-
lowed by the removal of templates. The X-ray diffraction (XRD) 
patterns of BP, CaCO 3  and BDHCs (before and after washing 
with acid) are shown in Figure S4. BP gives a XRD pattern with 
typical protein semi-crystalline peaks located at ca. 9° and 21° 
originated from triple-helical and adjacent protein strands. [ 22 ]  
The BDHCs show a broad diffraction peak centered at ∼24.3°, 
indicating the existence of amorphous carbon after the carboni-
zation of BP, and the peaks centered at ca. 31.8° and 46.3° cor-
respond to refl ections of the (200) and (220) planes of NaCl, 
respectively (JCPDS, No. 72–1668), which is the main impurity 
in the raw BP. Besides, the peak centered at ca. 45° corresponds 
to the (200) planes of α-Fe (JCPDS, No. 87–0722), indicating 
the carbonization of hemoglobin in BP produces materials con-
taining iron species in the form of α-Fe. After aqueous acidic 
washing, the peaks ascribed to NaCl and α-Fe disappear, indi-
cating successful removal of the impurities from the as-pre-
pared samples. 

 In order to immobilize homogeneously distributed Co 3 O 4  
onto BDHCs, wet-chemistry methods (see experimental part) 
were utilized here to obtain highly porous Co 3 O 4 @BDHC 
hybrid materials. Unless not explicitly noted, in the following 
BDHC-1:1 was used as supporting material. The series of 
Co 3 O 4 @BDHC hybrids are denoted as Co 3 O 4 @BDHC1, 

Adv. Funct. Mater. 2014, 24, 7655–7665

www.afm-journal.de
www.MaterialsViews.com

  Table 1.    Composition and nitrogen sorption data of BCNC, BDHC, Co 3 O 4 @BDHC and Co 3 O 4 .  

Sample Elemental analysisa 
[wt%]

S BET  
[m 2  g −1 ]

Pore volume 
[mL g −1 ]

N S C H Total Micro Meso

BCNC 2.9 0.2 87.0 1.9 34 0.04 0 0.04

BDHC-2:1 2.8 0.2 84.7 1.8 825 0.84 0.22 0.62

BDHC-1:1 2.9 0.2 84.2 1.7 1288 1.14 0.34 0.80

Co 3 O 4 @BDHC1 2.4 0.2 64.5 1.7 1137 1.60 0.35 1.25

Co 3 O 4 @BDHC2 1.9 0.1 45.5 1.5 495 1.08 0.09 0.99

Co 3 O 4 @BDHC3 1.1 0.1 23.4 1.2 159 0.45 0.02 0.43

Co 3 O 4 0 0 0 0 180 0.22 0 0.22

    a) The elemental composition was evaluated using a combustion method.   



FU
LL P

A
P
ER

7659wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Co 3 O 4 @BDHC2 and Co 3 O 4 @BDHC3, respectively, with the 
increasing content of Co 3 O 4  in the Co 3 O 4 @BDHC hybrid. 
Wide-angle X-ray diffraction (WAXD) was used to study the 
composition of Co 3 O 4 @BDHC1, Co 3 O 4 @BDHC2 and Co 3 O 4 @
BDHC3 ( Figure    2  a). The neat BDHC displays a broad dif-
fraction peak centered at 2 θ  = 24.3°, being characteristic for 
amorphous carbons. All the sharp diffraction peaks of the 
Co 3 O 4  sample can be indexed with crystal planes of the cubic 
phase of Co 3 O 4  (JCPDS, No. 74–2120). Although these peaks 
are not apparent in Co 3 O 4 @BDHC1 due to the low content 
of Co 3 O 4  in this hybrid, the XRD patterns of Co 3 O 4 @BDHC2 
and Co 3 O 4 @BDHC3 clearly confi rm the successful deposi-
tion of Co 3 O 4  onto the BDHC. Based on the TGA analysis of 
BDHC, Co3O4@BDHC1, Co3O4@BDHC2, Co3O4@BDHC3 
and Co3O4 in an air atmosphere, the contents of Co3O4 in 
Co3O4@BDHC1, Co3O4@BDHC2 and Co3O4@BDHC3 can 
be calculated to be about 7 wt%, 27 wt% and 48 wt%, respec-
tively. X-ray photoelectron spectroscopy (XPS) was carried out 
to investigate elemental composition and binding motifs. The 
atomic percentages of carbon, oxygen, cobalt, nitrogen, phos-
phorous, and sulfur are estimated as 66%, 20%, 5%, 3.4%, 
3.4%, 1%, respectively. Therefore XPS further confi rms the 
nitrogen doping in the Co 3 O 4 @BDHC2. Figure  2 b presents 
the high-resolution N1s spectrum fi tted into two peaks at 398.3 
and 400 eV, which correspond with pyridinic and pyrrolic 
nitrogen, respectively. [ 12g ]  The XPS N1s peak at 398.3 eV could 
be also assigned to a cobalt–nitrogen related bond, which is the 
bonding between the pyrrolic nitrogens and the cobalt ions. [ 23 ]   

 From the C1s spectra and curve fi ts of Co 3 O 4 @BDHC2 
(Figure S5a), four peaks centered at 284.5, 286, 287.9 and 
289.8 eV are observed, corresponding with C-C, C-O (C-N 
or C-S), C = O (or C = N) groups, respectively. [ 12g ]  The Co2p 

spectrum (Figure S5b) exhibit two strongest peaks at 780.7 and 
796.4 eV correspond to Co2p 3/2  and Co2p 1/2 , respectively. The 
Co2p 3/2  spin-orbital component has a weak satellite located 
about 5.3 eV above the main peak, and all the results confi rm the 
formation of the Co 3 O 4  phase. [ 13c,24 ]  Two kinds of Co bond con-
fi gurations that are Co(II)O (779.4 eV) and Co(II)Nx (780.5 eV) 
are observed (see inset in Figure S5b). [ 25 ]  The result indicates 
that Co(II)Nx bonding confi guration is successfully introduced 
during the in situ growth of cobalt oxides, and this likely plays 
an important role in improving the electrocatalytic activity. Due 
to similar electronegativity of O, P and S the Co(II)O peak may 
be overlapped by Co-S or Co-P contributions. The impact of 
sulfur is considered to be comparably low, whereas the high 
contents of nitrogen and phosphorus may contribute to the 
formation of cobalt-nitrogen and cobalt-phosphorous coor-
dination sites, respectively. In the high-resolution O1s region 
(Figure S5c), the Co 3 O 4 @BDHC2 display three oxygen peaks. 
The peak at 531.4 eV is typically due to cobalt-oxygen bonds, 
and they are usually associated with oxygen in OH groups, 
indicating that the surface of the Co 3 O 4 @BDHC2 is hydroxy-
lated to some extent as a result of either surface oxyhydroxide 
or the substitution of oxygen atoms at the surface by hydroxyl 
groups. [ 13c ]  The lower peak (∼530 eV) could be assigned to the 
lattice oxygen species O 2− . The component at 533.5 eV can be 
attributed to physi- and chemisorbed water at the surface. 

 Electron micrographs of Co 3 O 4 @BDHC1, Co 3 O 4 @BDHC2, 
Co 3 O 4 @BDHC3 and Co 3 O 4  (Figure S6 and Figure S7) show 
that all hybrids retain the general BDHC-1:1 morphology of the 
fi brous network after the growth of Co 3 O 4  onto the carbon sub-
strate. No visible Co 3 O 4  particles were found in the Co 3 O 4 @
BDHC1 both in the SEM and TEM images, while Co 3 O 4  nano-
particles with a size of <10 nm and 20–40 nm were found for 
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 Figure 2.    a) WAXD curves of BDHC, Co 3 O 4 @BDHC and Co 3 O 4 . b) High resolution N1s spectra of Co 3 O 4 @BDHC2. c) Bright-fi eld and d) dark fi eld 
TEM images of Co 3 O 4 @BDHC2. e) High-resolution TEM image of Co 3 O 4 @BDHC2.
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Co 3 O 4 @BDHC2 and Co 3 O 4 @BDHC3, respectively. Figure  2 c,d 
shows bright-fi eld and dark-fi eld TEM images recorded on the 
same area of Co 3 O 4 @BDHC2 sample. As can be seen in the 
dark-fi eld image, the Co 3 O 4  nanoparticles with bright contrast 
are uniformly embedded in the continuous foam-like carbon 
matrix. The high-resolution TEM image of Co 3 O 4 @BDHC2 
sample (Figure  2 e) clearly confi rmed that the highly crystalline 
Co 3 O 4  nanoparticles were well-dispersed, not agglomerated, 
and nearly monodisperse, with a mean particle size of 3 ± 1 nm 
in the amorphous carbon matrix. The small particle size indi-
cates the tendency of Co 3 O 4  to be deposited onto the surface 
of the BDHC in form of small metal oxide clusters or nano-
particles depending on the concentration of the Co precursors. 
Apparently, the heteroatom doped carbon surface effi ciently 
acts as high surface area nucleation site for the particle forma-
tion leading to well-dispersed nanoparticles. 

 To evaluate the fi nal porosity of the hybrid materials, 
nitrogen sorption analysis was performed. Isotherms and 
pore size distributions of BDHC, Co 3 O 4 @BDHChybrid mate-
rials and neat Co 3 O 4  are summarized in Table  1 . As shown in 
Figure S8a, all samples still show the sharp capillary conden-
zation step at high relative pressures. More importantly, suc-
cessively reduced micropore contributions are observed for the 
Co 3 O 4  decorated samples with increasing amounts of Co 3 O 4  
(Figure S8c and Table  1 ). It can be concluded that either Co 3 O 4  
nanoparticles grow within the carbon micropores or at least 
block the pores, which is more likely considering the spherical 
shape of the particles. In any case, this observation hints to a 
homogeneous distribution of Co 3 O 4  within the BDHC. Gener-
ally, with increasing amount of metal oxide the values of spe-
cifi c surface areas and pore volumes decrease simply because 
of the additional high density material. [ 26 ]  However, it should 
be underlined, that the important mass transport meso- and 
macropore structure is retained and is of great importance for 
favorable kinetics in electrocatalytic reactions. 

 To investigate the electrochemical oxygen reduction per-
formance for the Co 3 O 4 @BDHC hybrid materials, cyclic vol-
tammograms (CV) in 0.1 M KOH, either saturated with N 2  
(dotted line) or O 2  (solid line) were measured. In the presence 
of oxygen, additional cathodic peaks, being indicative of ORR 
activity, can be observed for all BDHC and BDHC hybrids 
( Figure    3  a). For the bare BDHC catalyst we observe a single 
cathodic reduction peak at 0.64 V vs RHE. Interestingly, the 
lower Co 3 O 4  decorated carbon hybrids Co 3 O 4 @BDHC1 and 
Co 3 O 4 @BDHC2 show slightly positively shifted ORR peak 
potentials both at 0.73 V vs RHE. However, a negative shift to 
0.60 V vs RHE is observed at higher Co 3 O 4  concentration of 
Co 3 O 4 @BDHC3. For comparison, the neat Co 3 O 4  electrode 
(mixed with 20 wt% conductive carbon black additive [ 27 ] ) shows 
the cathodic reduction peak at 0.60 V vs RHE. These results 
clearly indicate a signifi cant enhancement in the ORR electro-
catalytic activity for the hybridization of BDHC and Co 3 O 4  with 
a proper ratio, i.e., Co 3 O 4  particle size and/or coverage.  

 The linear sweep voltammetry (LSV) measurements on a 
rotating disk electrode (RDE) for each of the electrode materials 
(including commercial Pt/C and IrO 2  reference electrocata-
lysts) in O 2 -saturated 0.1 M KOH electrolytes at a scan rate of 
10 mV/s and a rotation rate of 1600 rpm were then conducted 
(Figure  3 b). The respective LSVs at different rotation rates can 

be found in the SI (Figure S10). Among the as-prepared sam-
ples, the Co 3 O 4 @BDHC2 electrocatalyst was more active for 
the ORR than the bare BDHC and Co 3 O 4  samples, indicating 
greatly enhanced activities for ORR due to the synergistic effect 
of Co 3 O 4  intimately bound to BDHC. Although the commer-
cial Pt/C catalyst shows a more positive onset potential than 
Co 3 O 4 @BDHC hybrid materials, the Co 3 O 4 @BDHC2 electro-
catalyst exhibits only ∼50 mV cathodic shift at the half-wave 
potential compared to the Pt/C electrocatalyst. Especially the 
IrO 2  reference catalyst (excellent OER electrocatalyst) with 
strongly negative shifted onset potential and largely decreased 
limiting current density cannot be considered as a good ORR 
catalyst i.e., is not an option as a bifunctional catalyst for run-
ning reactions reversibly. It should be mentioned that for 
BDHC, Co 3 O 4 @BDHC1, Co 3 O 4 @BDHC2 and the Pt/C refer-
ence, limiting current densities in the range of the theoretical 
Levich current (at a rotating rate of 1600 rpm) are observed. 
This indicates a proper thin fi lm coating, but also a selective 
four electron process at least at high polarization. The neat 
Co 3 O 4  sample, which had a promising peak position in the 
CV curves, here shows strongly reduced performance and a 
much lower limiting current density indicating a low selectivity 
towards the four electron mechanism. Interestingly, we can 
fi nd a similar behavior for the case of Co 3 O 4 @BDHC3, which 
might be a hint on a high coverage of the more ORR active 
BDHC with Co 3 O 4 . 

 The as-prepared Co 3 O 4 /BDHC mixture electrode shows 
a negative shift of the half-wave potential by ∼18 mV as com-
pared to the Co 3 O 4 @BDHC2 hybrid and similar limiting cur-
rent density (Figure  3 c). However, the overall performance is 
much better than that of the neat Co 3 O 4  sample with com-
mercial carbon additive. This clearly indicates an enhanced 
catalytic activity caused by the intimate contact of the Co 3 O 4  
nanoparticles with the more ORR active carbon support and the 
main contribution coming from the BDHC, which seems to be 
activated by the cobalt oxide. 

 The corresponding Koutecky-Levich (K-L) plots (J −1  vs ω −1/2 ) 
of the Co 3 O 4 @BDHC2 electrode at various electrode poten-
tials showed good linearity (Figure  3 d). The slopes remain 
approximately constant over the potential range, which sug-
gests that the electron transfer numbers for oxygen reduction 
at different electrode potentials are similar. The linearity and 
parallelism of the plots is an indication of fi rst-order reaction 
kinetics with respect to the concentration of dissolved O 2 . The 
electrons transfer number in the ORR process for the Co 3 O 4 @
BDHC2 electrode is found to be above 3.93 from 0.69 to 0.80 V, 
suggesting that the Co 3 O 4 @BDHC hybrids favor a 4e oxygen 
reduction process, similar to ORR catalyzed by a high-quality 
commercial Pt/C catalyst. 

 The electron transfer number of carbon-based materials 
sometimes strongly depends on the mass loading on the disk 
electrode. The ORR performance of the Co3O4@BDHC hybrid 
electrodes with different catalyst loadings (56, 140, 280, 420 and 
560 µg cm −2 ) on the glassy carbon, and the electron transfer 
numbers are evaluated for comparison. The effect of different 
catalyst loadings is demonstrated in Figure S12a. Changing the 
catalyst loading from high loading, i.e., 560 µg cm −2 , to lower 
loading, the diffusion limited current initially remains con-
stant at ∼6 mA cm −2 , but drops signifi cantly once the loading 
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is decreased below 140 µg cm −2  (Figure S13b). The reason for 
this is that the low amount of supported catalyst is no longer 
capable of spreading completely over the whole surface of the 
glassy carbon support. Accordingly the electrons transfer num-
bers in the ORR process for the Co3O4@BDHC2 electrode 
decrease with decreasing catalyst loadings (Figure S12c). If the 
limiting current density cannot be reached anymore we also 
cannot apply K-L analysis properly, therefore the lower electron 
transfer numbers are artefacts of the low coverage. At very high 
loading of 560 µm cm −2  two reasons may lead to the obviously 
wrong value of 4.54 electrons. First the slope in the kinetically 
limited region of the polarization curve is so high, that the 
error of the datapoint selected for K-L analysis is very high. 
Second the high loading may lead to a fi lm thickness, which 
is too high, i.e., the catalyst is invading the diffusion layer of 

the disk electrode, changing the mass transport characteristics, 
which are crucial for the K-L analysis. 

 Furthermore, the durability of Co 3 O 4 @BDHC2 catalysts 
toward ORR was tested by performing chronoamperometric 
measurements at 0.76 V vs RHE (Figure  3 e). Here Co 3 O 4 @
BDHC2 presents better durability with only ∼10% reduced cur-
rent density after ∼14 hours. Furthermore and in contrast to the 
Pt/C reference, the cobalt oxide-BDHC hybrid presents excel-
lent resistance towards the methanol crossover effect, which is 
one of the main challenges faced by the Pt-based catalysts in 
fuel cells (Figure  3 f). [ 5 ]  

 To evaluate the catalytic activity of the hybrid materials for 
reverse reaction, which is the oxygen evolution reaction (water 
splitting) we also measured voltammetry at high potentials 
(up to 1.75 V vs RHE) in the same electrolytes (0.1 M KOH). 
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 Figure 3.    a) CV curves of BDHC, Co 3 O 4 @BDHC hybrid materials and Co 3 O 4  in N 2 -saturated (dash line) or O 2 -saturated (solid line) 0.1 M KOH. b) RDE 
polarization curves of BDHC, Co 3 O 4 @BDHC hybrid materials, IrO 2  and Pt/C in O 2 -saturated 0.1 M KOH with a sweep rate of 10 mV s −1 , 1600 rpm. 
c) Comparison of the RDE polarization curves of BDHC, Co 3 O 4 @BDHC2, Co 3 O 4 /BDHC mixture and Co 3 O 4  in O 2 -saturated 0.1 M KOH with a sweep 
rate of 10 mV s −1 , 1600 rpm. d) Dependence of electron transfer numbers on potentials of Co 3 O 4 @BDHC2 electrodes. Inset is the K-L plots of Co 3 O 4 @
BDHC2 electrodes at various potentials. e) Durability of Co 3 O 4 @BDHC2 at 0.76 V in O 2 -saturated 0.1 M KOH, 1600 rpm. f) Chronoamperometry 
responses of Co 3 O 4 @BDHC2 and Pt/C at 0.76 V in O 2 -saturated 0.1 M KOH with 1 M methanol, 1600 rpm.
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Typically, the catalytic OER activity of Co 3 O 4  is attributed to 
the redox reactions between the Co(II), Co(III) and Co(IV) spe-
cies on the surface of the sample (Figure S13). [ 28 ]  This surface 
redox reactivity can be probed by the CV curves in a potential 
window slightly lower than the OER onset potentials. [ 29 ]  CV 
curves were measured at 2 mV s −1  and compared for the bare 
BDHC, Co 3 O 4 @BDHC2 and neat Co 3 O 4  electrodes ( Figure    4  a). 
Measurements performed at different scan rates can be found 
in SI (Figure S14). Bare BDHC shows a typical double-layer 
capacitive behavior and no obvious redox features can be 
observed in the potential window of 0.71–1.56 V vs RHE. The 
Co 3 O 4 @BDHC hybrids clearly show three anodic peaks (A1, 
A2 and A3) and three cathodic peaks (C1, C2 and C3). Due 
to literature peaks A1 and A2 correspond to the oxidation of 
Co(II) to hydrous Co(III) and dispersed Co(III), respectively, 
and the A3 peak to the oxidation of Co(III) to Co(IV). [ 28b,29,30 ]  
As we cannot observe a clear A3 peak due to further increasing 
anodic current, we conclude signifi cant oxygen evolution cur-
rents to overlap the A3 peak, which counts for the Co +4  spe-
cies to act as the active catalytic center. This interpretation goes 
along with other reports on spinel cobaltite phases by several 
researchers. [ 28c,31 ]   

 The oxygen evolution activities of the Co 3 O 4 @BDHC 
hybrid materials were further investigated and compared to 
bare BDHC-1:1, neat Co 3 O 4  and the IrO 2  and Pt/C reference 
catalysts by LSV measurements in 0.1 M KOH (scan speed: 
10 mV/s; potential range: 1.45–1.75 V; Figure  4 b). To com-
pare the catalysts we evaluate the overpotential at 10 mA cm −2  
current density and denote it as η 10 ; a characteristic value, 
which was recently suggested to benchmark OER catalysts by 

Jamarillo et al. [ 6b ]  No oxygen evolution current was found on 
the bare BDHC-1:1 electrode in the applied potential range, 
indicating fi rst, that the heteroatom-doped porous carbon 
shows low catalytic activity towards OER and second, oxidation 
stability at potentials up to 1.75 vs RHE. Very weak OER per-
formance was also detected in the Pt/C sample, showing that 
the excellent ORR catalyst Pt/C is not suitable as a bifunctional 
electrocatalyst for both OER and ORR. As a high performance 
OER standard IrO 2  shows a very low onset potential and an η 10  
of 1.59 V. These characteristics prove the very high OER activity, 
however going along with very low ORR activity and high costs. 
For the bare Co 3 O 4  standard (again with 20 wt% conductive 
carbon black additive [ 32 ] ) the onset potential is strongly shifted 
to more positive potentials and η 10  is 1.66 V. If we compare the 
performance with the Co 3 O 4 @BDHCs performances, we can 
observe the following trends. All three hybrid materials out-
perform the neat Co 3 O 4  catalyst in both onset potential and 
η 10 . Co 3 O 4 @BDHC1 only shows partially better properties, as 
the onset potential is more negative and η 10  is at low 1.65 V 
vs RHE, but at higher overpotentials the current densities are 
outperformed by the neat Co 3 O 4 . Co 3 O 4 @BDHC2 and Co 3 O 4 @
BDHC3 have very low onset potentials as well as very low 
η 10  values of 1.61 and 1.59 V vs RHE, respectively (Figure  3 ). 
The overpotentials with regard to the thermodynamic water 
oxidation potential are therefore only 420, 380 and 360 mV 
for Co 3 O 4 @BDHC1, Co 3 O 4 @BDHC2 and Co 3 O 4 @BDHC3. 
Like for the ORR performance evaluation the assumed posi-
tive effect of the in situ growing of Co 3 O 4  onto the BDHC was 
further studied by comparison of the best bifunctional hybrid 
catalyst Co 3 O 4 @BDHC2 with the mechanic mixture of Co 3 O 4  
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 Figure 4.    a) Comparison of CV curves of BDHC, Co 3 O 4 @BDHC2 and Co 3 O 4  in 0.1 M KOH with a sweep rate of 2 mV s −1 . b) LSV curves of BDHC, 
Co 3 O 4 @BDHC hybrid materials, Co 3 O 4 , Pt/C and IrO 2  measured in N 2 -saturated 0.1 M KOH with a sweep rate of 10 mV s −1 , 1600 rpm. c) Comparison 
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and BDHC-1:1 in equivalent mass ratios. For comparison the 
polarization curves of Co 3 O 4 /BDHC mixture are presented as 
well (Figure  4 c). Like in the ORR study, we can again observe 
a strongly increased catalytic activity of the hybrid material as 
compared to the simple mixture. Obviously, the intimate con-
tact in between the cobalt oxide and the BDHC has a crucial role 
in forming the promising bifunctional catalyst. At the OER side 
this can easily be understood by reduced electron transfer resist-
ance, however an additional synergistic effect (e.g., by dyade 
formation) like observed at the ORR side cannot be excluded. 
The OER performance of the Co 3 O 4 /BDHC mixture is better 
than that of the neat Co 3 O 4 /carbon black electrode, which can 
be explained by stronger improved interfaces between BDHC 
support and the OER active cobalt oxide. These statements 
are confi rmed by impedance measurements, which can be 
found in SI (Figure S16). Tafel plots of LSVs are derived and 
shown in Figure S17, from which small Tafel slopes down to 
47 and 53 mV/dec were found for Co 3 O 4 @BDHC2 and Co 3 O 4 /
carbon black, respectively, at lower overpotentials. It should be 
noted that the Tafel slope of the Co 3 O 4 /BDHC mixture sample 
increases to 51 mV per decade, which indicates that the charge 
transfer within the Co 3 O 4 /BDHC mixture sample is better than 
that of Co 3 O 4 /carbon black for the OER. 

 The ORR and OER performances of crude BP is also tested 
and compared (Figure S18). We can clearly see that the blood 
powder electrode shows much weaker ORR and OER perfor-
mance compared with the Co 3 O 4 @BDHC2 electrode, indi-
cating the essential of the hybridization of Co 3 O 4  and blood 
derived carbon for the high-performance ORR and OER 
bifunctional catalyst. However, the reader should recognize the 
oxidation stability of the doped carbon at high potentials. 

 The capacitances vs potential and Mott-Schottky plots were 
determined for Co 3 O 4 @BDHC2 at different frequencies, 
respectively (Figure S19), and it was found that the Co 3 O 4  
within Co 3 O 4 @BDHC2 behaves like a p-type semiconductor 
over the frequency ranges in KOH electrolytes. [ 33 ]  It was evi-
dent that the value of capacitance rises rather sharply in the 
potential window, which can be ascribed to the increasing 
specifi c adsorption of OH −  ions on the electrode surface. The 
maximum capacitance at ∼1.21 V lies near the A2 voltammetric 
peak potential and thus may be assigned to the oxidation of 
Co(II) to Co(III) process. [ 33 ]  Due to their near-metallic character, 
carbon materials usually take the role of the metal. However, 
nitrogen and phosphorus, when doped into carbon, may act as 
electron donors thus tuning the position of the valence band 
or conduction band of the doped carbon phase, resulting in an 
altered work function and sometimes a slightly opened band 
gap. [ 34 ]  Different from the carbon-Co 3 O 4  contact, once the band 
gap of the heteroelement doped carbon is opened, the BDHC- 
Co 3 O 4  contact could also promote Mott-Schottky effects and 
change both the electronic structure of Co 3 O 4  and BDHC, 
which is benefi cial for activating the performance of the hybrid 
than that of neat Co 3 O 4  by increasing their electron density. [ 35 ]  

 Besides the high electrocatalytic OER activity of the as-
prepared Co 3 O 4 /BDHC hybrid materials, a long-term chrono-
amperometric stability test in 0.1 M KOH at η 10  further indi-
cates an excellent stability of the most promising bifunctional 
hybrid catalyst Co 3 O 4 /BDHC2 (Figure  4 f). Running Co 3 O 4 /
BDHC2 ∼11 hours at η 10 , i.e., at 380 mV overpotential, after an 

initial activation leads to an activity loss of only 4%, whereas the 
IrO 2  standard is very sensitive to alkaline conditions, loosing 
∼35% activity already after 42 minutes. The chronoampero-
metric test impressively shows the high durability of the as-pre-
pared Co 3 O 4 /BDHC hybrid catalysts towards OER.  

  3.     Conclusion 

 In conclusion we have demonstrated the design and fabrica-
tion of sponge-like blood-derived heteroatom doped carbon-
supported Co 3 O 4  as an effi cient bifunctional electrochemical 
catalyst, processing an outstanding activity and performance 
towards both ORR and OER in alkaline conditions. The opti-
mized bifunctional shows a half wave potential of 0.83 V vs RHE 
at the ORR side and a characteristic overpotential of only 380 mV 
at 10 mA cm −2  at the OER side. The very cheap and facile syn-
thesized catalysts therefore gives comparable performances 
to commercial Pt/C catalyst at the ORR side and at the same 
time comparable results to IrO 2  catalyst at the OER side. The 
additional high durability in alkaline conditions, make this dis-
tinguished material a promising candidate as O 2− /oxygen elec-
trocatalyst for reversible fuel cells/electrolyzers and/or metal-air 
batteries. The unique fi brous network structure of the blood-
derived heteroatom doped carbon comes from the concerted 
hard templating and activation using CaCO 3  nanoparticles. The 
high surface area and strongly heteroatom doped material fea-
tures stable anchoring sites for the immobilization of Co 3 O 4 , 
which greatly reduce aggregation and growth of the decorated 
Co 3 O 4  nanoparticles and improve the charge transfer between 
the two species. Additionally, the intimate contact of the carbon 
scaffold and the cobalt oxide, leads to a synergistic catalytic 
effect at least at the ORR side. Here the ORR activity of the het-
eroatom doped carbon is clearly improved by Co 3 O 4  decoration. 
At the OER side the improved activity may be explained already 
by the improved conductivity of the Co 3 O 4  due to the attach-
ment to the carbon, however the strong performance improve-
ment indicates a synergistic effect also for the anode reaction.  

  4.     Experimental Section 
  Materials and Methods : Blood powder was used as received via eBay 

from a German slaughterhouse. Nanosized CaCO 3  with a diameter 
of 23 nm (BET surface area: 69.9 m 2 /g) were purchased from Solvay 
Chemicals (Infra Bad Hönningen GMBH, Germany). All the other 
reagents were purchased from Sigma-Aldrich and used without further 
purifi cation. Deionized (DI) water was used throughout the experiments.  
 Blood-derived heteroatom doped carbon (BDHC) was prepared with a 
BP-to-CaCO 3  mass ratio of 2 and 1, respectively. In a typical synthesis a 
mixture of 100 mg of BP and designed amounts of CaCO 3  template was 
grounded using a mortar for 5 min. The mixture was transferred into 
a crucible and heated to 900 °C (5 °C min −1 ) with a dwelling time of 2 
hours in a N 2  atmosphere Nabertherm N 11/H oven. The as-prepared 
products were washed with excess 1 M HCl and dried at 50 °C overnight 
 in vacuo .   Co 3 O 4  decorated BDHC were prepared as follows: in a typical 
experiment, 50 mg of BDHC as the starting material, was dispersed 
in an appropriate amount of ethanol solution of Co(NO 3 ) 2 ·6 H 2 O by 
sonication for 5 min. After drying at 80 °C to remove the solvent, the 
obtained precursor mixture, i.e., Co(NO 3 ) 2  infi ltrated BDHC material, 
was calcined at 400 °C for 2 h in air. For the sake of brevity, the obtained 
hybrid material are denoted as Co 3 O 4 @BDHC. By controlling the initial 
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mass ratios of BDHC and Co(NO 3 ) 2 ·6 H 2 O, the Co 3 O 4 @BDHC hybrid 
was fabricated with three different theoretical BDHC/Co 3 O 4  mass ratios: 
Co 3 O 4 @BDHC1 (BDHC/Co 3 O 4  = 50 mg/10 mg), Co 3 O 4 @BDHC2 
(BDHC/Co 3 O 4  = 50 mg/15 mg) and Co 3 O 4 @BDHC3 (BDHC/Co 3 O 4  = 
50 mg/20 mg). For comparison, bare Co 3 O 4  was also prepared using the 
same procedure in the absence of BDHC. 

  Characterization : Elemental analysis for carbon, hydrogen, nitrogen 
and sulfur was accomplished using combustion analysis by a Vario Micro 
device. SEM images were obtained on a JEOL JSM-7500F microscope 
with a 15 kV accelerating voltage. The C1s, N1s and Co2p survey spectra 
were recorded using a Thermo Scientifi c K-Alpha instrument using 
Monochromatic X-ray source Al Kα (1486.6 eV). TEM measurements were 
performed on bright and dark modes using a Zeiss EM 912Ω instrument. 
XRD patterns were measured on a Bruker D8 Advance instrument using 
Cu-Kα radiation (λ = 1.5418 Å). Nitrogen sorption testings were measured 
at 77 K in a N 2  atmosphere after degassing the samples at 150 °C under 
vacuum for 10 hours using a Quantachrome Quadrasorb SI porosimeter. 
The apparent surface area was calculated by applying the Brunauer-
Emmett-Teller (BET) model to the isotherm data points of the adsorption 
branch in the relative pressure range p/p 0  < 0.3. The pore size distribution 
was calculated from nitrogen sorption data using the nonlocal density 
functional theory (NLDFT) equilibrium model method for slit pores 
provided by Quantachrome data reduction software QuadraWin Version 
5.11. TGA measurements were carried out on a Netzsch TG 209 F1 device 
under constant N 2  fl ow with a heating rate of 5 °C min −1 . 

  Electrochemical Measurements : The electrocatalytic activity of 
all samples for the ORR and OER performance was tested in a 
conventional three-electrode cell using a Reference 600 potentiostat/
galvanostat equipped with a RDE 710 Rotating Electrode setup (Gamry 
Instruments, Inc.). The catalyst ink was prepared by adding 5 mg of 
catalyst powder into a mixture solution of 95 µl of 5% Nafi on solution 
and 350 µl of ethanol. After sonication for 30 min, 5 µl of catalyst ink 
was deposited onto 5 mm diameter polished glassy carbon electrode 
(Gamry Instruments, Inc.) and dried at room temperature. The 
catalyst loadings were calculated to be 0.28 mg cm −2  for all the tests. 
The same loadings of commercial 20 wt% Pt/C catalyst (Alfa Aesar) 
and IrO 2  were used as a reference. The rotating disk electrode (RDE) 
measurements were conducted in N 2 - and O 2 -saturated 0.1 M KOH 
using the Ag/AgCl (in saturated aq. KCl) electrode as the reference 
electrode and a platinum wire as the counter electrode. More detailed 
descriptions for the electrochemical measurements can be found in 
the SI.  
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