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ABSTRACT: A highly porous carbonaceous material was
formed from hemoglobin, which is a natural compound that
could be abundantly and inexpensively obtained. Porous
carbonized hemoglobin was formed using MgO nanoparticles
as a template; in addition, heat treatment of the carbonized
hemoglobin with ammonia was performed. Two series of
ammonia treatments were examined: long-time heat treat-
ments at various temperatures and high-temperature heat
treatments for various times. The specific surface area and, in
particular, the pore volume were increased by the ammonia
treatment most efficiently at a high temperature for a short
period of time. X-ray photoelectron spectroscopy showed a
significant decrease in the surface nitrogen concentration and a
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slight decrease in the surface Fe concentration by the ammonia treatment. The extended X-ray absorption fine structure at the Fe
K-edge indicated that Fe was coordinated with four nitrogen atoms (Fe—N, moiety) in the ammonia-treated carbonized
hemoglobin. The oxygen reduction activity was evaluated using rotating disk electrodes. The enhancement was observed in
accordance with the pore development. A polymer electrolyte fuel cell formed using the ammonia-treated carbonized
hemoglobin in the cathode showed an improved performance compared to that formed using the carbonized hemoglobin before

the treatment.
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B INTRODUCTION

Porous carbon materials are classified as one of the major forms
of carbon, which are used in many fields, such as catalysts,
catalyst supports, gas storage materials, adsorbents, electrodes
of electric double layer capacitor, etc. The most typical example
is activated carbon, which possesses a high specific surface area
of about 1000 m? g~! with a pore volume of about 0.5 cm? g~..!
Extremely high specific surface areas over 3000 m”> g~ for
carbon materials formed by, for example, KOH activation and
the zeolite template method have been achieved.” Quite
recently, a carbon material formed from metal—organic
frameworks (MOF) has been reported to possess the highest
specific surface area and pore volume of 5500 m* g™' and 4.3
cm® g7, respectively.’ These methods demand, however,
special requirements, ie., expensive vessels like Ni crucibles
resistant to corrosive KOH for KOH activation and highly toxic
HF to remove the template and metal species for the zeolite
template and MOF methods, which lead to high production
costs.

Our previous studies have shown the formation of porous
carbon materials from proteins, such as catalase and
hemoglobin, functioning as a catalyst in the cathode of a
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polymer electrolyte fuel cell (PEFC).*”” The PEFC is a clean
and efficient new energy system and is expected to improve the
global environment by its widespread use after realization of the
active and stable noble metal-free catalysts free from cost
inflation and resource limitations. The performances of the
PEFCs with the latest carbon-based catalysts are approaching
that of the conventional Pt-based PEFC, showing a high
potential of the noble metal-free catalysts, although most of
them are prepared using expensive or fossil fuel-based and
artificially synthesized raw materials.*">* In contrast, hemoglo-
bin is one of the materials meeting these requirements based on
its abundance and low cost. Hemoglobin could be abundantly
obtained, especially from the meat industry that discards
hemoglobin-containing blood as waste. Because meat produc-
tion has increased by 25% in the past decade and reached 250
million tons per year around the world*® (roughly correspond-
ing to 2.5 million tons per year in hemoglobin), the significance
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of utilizing the waste as functional materials has been increasing
also.

Recently, pore development in carbonized hemoglobin and
activity enhancement were attained using MgO nanopartcles as
a template, which was concurrently generated during carbon-
ization from Mg acetate.”’” Significant advantages of the MgO
template method are ease of preparation of the carbon template
composite (mixing of the starting materials is possible in
solutions and also in powders) and ease of removal of MgO,
which is possible even with weak acid solutions like acetic
acid”® In the present study, the specific surface area and pore
volume were further increased by heat treatment of the
carbonized hemoglobin with ammonia; the pore volume of 3
cm® g™! obtained under the optimized condition has not been
reported before for the carbon materials derived from natural
resources to the best of our knowledge. Ammonia and Mg
acetate are common and inexpensive compounds, both
associated with fertilizers. It has been reported that ammonia
treatment enables the pore development of the carbon
materials.”” Two series of ammonia treatments were examined,
and the influence of the treatments on pore development,
surface concentration of nitrogen and iron, local structure
around the iron, and catalytic activity of the oxygen reduction
were investigated.

B EXPERIMENTAL SECTION

Formation of Carbonized Hemoglobin and Ammonia
Treatment. Carbonized hemoglobin was formed by heat treatment
of the mixture of hemoglobin and Mg (CH;COO), according to the
method described in a previous report’” and the Supporting
Information, which was followed by grinding finely until all of the
sample passed a 330 mesh sieve (aperture, 45 ym), a treatment with
boiling 2.5 mol dm™ H,S0O, for 1 h to remove any soluble Mg and Fe
species, washing with high-purity water, and drying in a vacuum at
room temperature. The weight ratio of Mg(CH;COO),/hemoglobin
in the mixture was 3.

The two series of ammonia treatments were (A) long-time heat
treatments at various temperatures and (B) high-temperature heat
treatments at various times.

Treatment series A: The carbonized hemoglobin was heated in a
flowing gas mixture of 50% NH; + 50% Ar at 500, 700, 800, 900, and
1000 °C for 3 h after the temperature was raised at § °C min™". The
samples obtained at the heat treatment temperatures of T °C (T =
500, 700, 800, 900, 1000) are hereafter labeled as CHbMg-T-3h.

Treatment series B: The carbonized hemoglobin was heated in 50%
NH; + 50% Ar at 1000 °C for S, 15, and 30 min after the temperature
was increased at 5 °C min~'. The samples obtained by the heat
treatment for ¢t min (t = S, 15, 30) are hereafter labeled as CHbMg-
1000-tmin. The heat treatment that consisted of the temperature
increase up to 1000 °C and the immediate temperature decrease
without any holding time at 1000 °C was also performed, and the
obtained sample is hereafter labeled as CHbMg-1000-Omin.

Characterization of Carbonized Hemoglobin Treated with
Ammonia. The detailed description is given in previous reports”’
and the Supporting Information, and the outline is briefly described
below.

The carbonized hemoglobins after the NH; treatment, CHbMg-T-
3h and CHbMg-1000-tmin, were characterized by the measurements
of the adsorption isotherm of N,, X-ray photoelectron spectroscopy
(XPS), elemental analysis, measurement of the Fe content, and
measurement of the extended X-ray absorption fine structures
(EXAFS) at the Fe K-edge.

The activity of CHbMg-T-3h and CHbMg-1000-tmin as the
catalysts for the O, reduction was evaluated by fixing it on the surface
of a rotating glassy carbon disk electrode (GC RDE, geometric surface
area of 0.196 cm?) as a catalyst layer with carbon black as the electron-
conductive agent and the perfluorosulfonate ion-exchange resin
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(Nafion). The addition of carbon black was necessary to improve
the electron conduction inside the catalyst layer.’* The amounts of the
catalyst, carbon black, and Nafion on the GC were 60, 60, and 262 ug,
respectively. The current—potential relationships for the O, reduction
were obtained in O,-saturated 0.1 mol dm™ HCIO, using a Pt wire
and a reversible hydrogen electrode (RHE) as the counter and
reference electrodes, respectively.

The performance of the PEFC formed using CHbMg-1000-5min
for the cathode was measured at 80 °C under atmospheric pressure.
The amounts of the catalyst, carbon black, and Nafion in the cathode
catalyst layer formed on S5 cm” carbon paper treated with
polytetrafluoroethylene (ElectroChem) were 3.5, 3.5, and 10 mg
cm™?, respectively. The anode was formed on the carbon paper using a
commercially available catalyst of 50 wt % platinum on Vulcan XC-
72R carbon (Pt/C, Johnson Matthey). The amounts of Pt/C and
Nafion in the anode catalyst layer were 1.0 mg cm™ (Pt, 0.5 mg cm™2)
and 0.5 mg cm™?, respectively. The electrodes and electrolyte Nafion
112 membrane were pressed at 0.1 MPa and 150 °C for 10 min to
form the membrane—electrode assembly, which was then incorporated
into a single-cell apparatus (ElectroChem).

Bl RESULTS AND DISCUSSION

Pore Development by Ammonia Treatment. The
specific surface areas (S) and pore volumes (V,) of the
carbonized hemoglobin heat treated in 50% NH; + 50% Ar are
shown in Table 1. In treatment series A, S and V, increased

Table 1. Specific Surface Area (S) and Pore Volume (VP) of
Carbonized Hemoglobin Heat Treated in 50% NH; + 50%
Ara

S (m*g™) V, (em® g™)

Before treatment 1110 1.9
Series A

CHbMg-500-3h 1143 2.0
CHbMg-700-3h 1239 2.3
CHbMg-800-3h 1222 2.2
CHng-900-3h 1224 2.2
CHbMg-1000-3h 1192 2.4
Series B

CHbMg-1000-0min 1270 22
CHbMg-1000-5min 1562 3.0
CHng-lOOO-lSmin 1525 2.7
CHbMg-1000-30min 1312 2.3

“Those for carbonized hemoglobin before the treatment are shown for
comparison.

with an increase in the heat treatment temperature and became
nearly constant above 700 °C. These increases were limited to
approximately 10% compared to those for the carbonized
hemoglobin before the NH; treatment. For treatment series B,
S and V,, increased with an increase in the heat treatment time
up to S min and then decreased. An approximate 40% increase
in S and 50% increase in V|, were observed. These results
indicated that the NH; treatment was capable of pore
development in the carbonized hemoglobin and that the
treatment at high temperature in a short time was effective for
pore development. The excessive treatment time would lead to
the destruction of the pore structure and decreases in S and
Vp'29

Detailed information on the pore development was
demonstrated by the pore—volume distribution obtained by
using the adsorption isotherm. Figure 1 shows the typical
differential pore—volume distributions of the carbonized
hemoglobin heat treated with NH; by the two treatment series
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Figure 1. Differential pore—volume distributions of CHbMg-900-3h,
CHbMg-1000-Smin, and carbonized hemoglobin before NH; treat-
ment. V is the pore volume, and r, is the pore radius.

and before the treatment. Both NH; treatments shifted the
peak positions to the larger pore radius values. Substantial pore
development by treatment series B was also observed in the
pore—volume distribution.

Fe and N on Carbonized Hemoglobin Surface. Figure
2a and b show the typical XPS spectra of Fe 2p and N 1s,
respectively, for the carbonized hemoglobin heat treated with
NHj; by the two treatment series and before the treatment. The
Fe 2p;/, binding energies were almost the same for the three
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Figure 2. XPS spectra of (a) Fe 2p and (b) N 1s in CHbMg-900-3h,
CHbMg-1000-Smin, and carbonized hemoglobin before NH; treat-
ment. The intensity is normalized by the C 1s intensity.
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kinds of the carbonized hemoglobin. The binding energy of Fe
2p;3/, was 710.6 eV, indicating that the surface Fe oxidation
states was predominantly III, based on the peak positions of the
Fe 2p;), bindin§ energy: Fe(Ill), 710.8—711.8 eV; Fe(1l),
707.1-708.7 eV.>"* It is possible that at 1000 °C and in NH,
part of Fe is transformed into iron nitride particles. However,
no peak was observed around 706.7 eV corresponding to Fe,N
(x = 2,3,4),> indicating the absence of the iron nitride species.

The N 1s XPS spectra show that the nitrogen atoms were
included in the forms of pyridinic- and pyrrolic-type nitrogens,
based on the peaks at 398.5 and 400.5-401.0 eV,
respectively.***> The intensities were decreased by the NH,
treatment, particularly for the pyridinic-type nitrogens.

The surface compositions of the carbonized hemoglobin are
shown in Table S1 of the Supporting Information. A slight
decrease in the surface Fe concentration was observed for the
NHj;-treated carbonized hemoglobin. In contrast, the surface N
concentration significantly decreased by the NH; treatment, as
well as the surface O concentration. These XPS results
indicated that the NHj treatment mainly caused changes in
the surface N and O and had a slight influence on the surface
Fe. The tendency of the change in the bulk compositions C, N,
and O (Table S2, Supporting Information) was similar to that
in the surface concentrations. The Fe content was slightly
increased by the NH; treatment. This slight discrepancy in the
tendency between the bulk Fe content and the surface Fe
concentration might be due to the higher extent of the carbon
exposure by the NHj; treatment or the loss of surface Fe species
during the treatment.

Local Structure Around Fe. Figure 3 shows the RSFs
calculated by Fourier transformation of the EXAFS spectra at
the Fe K-edge for the carbonized hemoglobin as well as those
for hematin and Fe foil for comparison. In the RSF of hematin,
the first peak at around 1.7 A was attributed to four N atoms
coordinating to the Fe(III) center. The shoulder at around 1.2
A was attributed to OH™ coordinating perpendicular to the
macrocyclic plane to the Fe center. The second peak at 2.7 A
was attributed to the C atoms, which were bound to the N
atom in the pyrrolic ring and the bridging C connecting the
pyrrolic rings. The peaks at 1.6 A in the RSF of the carbonized
hemoglobin before the NHj treatment, which was similar to the
first peaks for hematin, was attributed to the Fe—N, moiety
derived from protoheme in hemoglobin.*”

Similar RSFs were also observed for CHbMg-T-3h (T = 500,
700, 800, 900), although the amplitude of the first peak was
lower than the carbonized hemoglobin before the NH;
treatment. The curve fitting analysis was performed to calculate
the coordination number of N to Fe (N) and the Fe—N
distance (Rp._y) as well as the Debye—Waller factor (o)
representing the standard deviation from the average Rg_y.>°
These values for the typical carbonized hemoglobin and
hematin are listed in Table 2. The lower amplitude observed
for the NHj-treated carbonized hemoglobin in series A was
attributed to the higher ¢ than that of the carbonized
hemoglobin before the treatment. In the RSF for CHbMg-
1000-3h, the peaks seen in the Fe foil around 2.1 and 4.3 A
appeared. These peaks indicated the generation of Fe(0)
aggregates according to the RSF for the Fe foil.

The peaks around 1.6 A observed at the RSFs for CHbMg-
1000-tmin (t = 0, S, 15) were also attributed to the Fe—N,
moiety. The amplitude further decreased, and the o values
became higher than those for the NHj-treated carbonized
hemoglobin in series A, which resulted in the relatively high
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Figure 3. RSFs calculated by Fourier transformation of EXAFS spectra
at the Fe K-edge for NHj-treated carbonized hemoglobin in series A
and B, carbonized hemoglobin before NHj; treatment, and Fe foil. The
amplitude of the spectrum for the Fe foil is multiplied by 0.25.

Table 2. Number of Nitrogen Coordinated to Fe (N),
Distance between Fe and N (Rg,_y), and Debye—Waller
Factors (o) for CHbMg-900-3h, CHbMg-1000-S min,
Hematin, and Carbonized Hemoglobin Before Treatment

N Rpe n (A) o (A)
hematin 4.0 2.069 0.071
before treatment 4.0 1.980 0.095
CHbMg-900-3h 4.0 1.944 0.109
CHbMg-1000-5min 3.9 2.072 0.121

amplitude of the shoulder around 1.2 A. The peak appeared
around 2.9 A at the RSFs for t = 5, 15. However, the reason for
this is not clear at present, and further studies are necessary. In
the RSF for CHbMg-1000-30min, the peaks indicating the
generation of the Fe(0) aggregates were also observed around
2.1 and 4.3 A.

Oxygen Reduction Activity. Figure 4 shows the relation-
ships between the electrode potential and the O, reduction
currents at the catalyst layers formed using the carbonized
hemoglobin heat treated with NH; and before the treatment.
The current shown in Figure 4 was obtained by subtracting the
background current from the measured current. The back-
ground current consisted of the currents due to the
electrochemical double-layer charging and the redox reaction
of the quinone-like surface functional group. The subtraction
from the measured current eliminated these influences.
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Figure 4. Relationships between electrode potential and oxygen
reduction current measured at the rotation speed of 3000 rpm and
scan rate of 10 mV s~ in O,-saturated 0.1 mol dm™ HCIO, at 25 °C
for catalyst layers formed from carbonized hemoglobin before NH;
treatment and NHj-treated carbonized hemoglobin in series A (a) and

B (b).

The O, reduction current in the high potential region,
typically at 0.7 V, where the influence of the mass transfer in
the electrolyte solution and catalyst layer was relatively low,
increased with an increase in T in series A up to 700, with
similar values from 700 to 900 °C, and then decreased (Figure
S). The current at 0.7 V was chosen based on the assumption
that the kinetics could be largely reflected by the current at the
potential without any experimental error caused by the low O,
reduction current at the higher potential.

There is a long controversy over whether the active site is Fe
or N on the surface of the carbon materials for the O,
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Figure S. Oxygen reduction current at 0.7 V measured at the rotation
speed of 2000 rpm in O,-saturated 0.1 mol dm™ HCIO, at 25 °C for
catalyst layers formed from carbonized hemoglobin before NH;
treatment and NH;-treated carbonized hemoglobin.
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reduction.’” The XPS results showed that the surface Fe
oxidation state was almost the same between CHbMg-900-3h
and the carbonized hemoglobin before the NH; treatment,
indicating the absence of the enhancement effect due to an
increase in Fe(Il), which is the required species for the first step
of the multistep O, reduction process.”*®* The surface Fe
concentration only slightly decreased by the NH; treatment;
however, the surface N concentration was significantly reduced.
On the basis of these XPS results and the N, adsorption
isotherms, it might be reasonable to assume that the active site
was the Fe—N, moiety at least in the carbonized hemoglobin
and that the activity enhancement was attributed to pore
development. The activity decrease for CHbMg-1000-3h was
attributed to the decomposition of the active site and the
generation of Fe(0) aggregates, which was suggested by the
EXAFS result.

A similar correlation between the O, reduction current and
pore development was observed for the NHj-treated
carbonized hemoglobin in series B. The catalyst with the
most developed pores obtained in this study (CHbMg-1000-
Smin) produced the highest O, reduction current. The
decrease in the O, reduction current at the CHbMg-1000-
30min catalyst layer compared to the CHbMg-1000-Smin and
CHbMg-1000-15min catalyst layers was attributed to the lower
degree of pore development, decomposition of the active site,
and generation of Fe(0) aggregates, which was suggested by the
EXAFS result.

Pore development led to an increase in the number of active
sites through their exposure on the pore surface from the inside
of the carbon matrix.>® Pore development also possessed the
effect for enhancing the activity due to the increase in the
availability of O, molecules for the individual active sites inside
the pores in the catalyst. According to a theory proposed by
Watanabe et al,, there is a potential reaction space around each
active site, and the activity will decrease when overlapping of
the space occurs by a decrease in the distance between the
active site.”” The increase in the specific surface area could
avoid this interference between the active site, and the increase
in the pore volume could expand the potential reaction space.

The optimization of the amount of carbon black added in the
catalyst layer and the potential applied to the electrode prior to
the oxygen current measurement would also enhance the
current, which should be examined in future studies.

Fuel Cell Performance. The PEFC was formed using
CHbMg-1000-5Smin that showed the highest O, reduction
current at 0.7 V in the RDE measurements for the cathode and
Pt/C for the anode. The relationships between current density
and cell voltage and power density are shown in Figure 6.
Compared to the best PEFC formed using the carbonized
hemoglobin before the NH; treatment (CHbMg3s400900) in
our previous study,”” the current density and maximum power
density were higher in spite of the lower amount of the catalyst
used in the cathode (3.5 mg cm™2) than in the PEFC cathodes
formed using the carbonized hemoglobin in the previous study
(S mg cm™?) (Figures S1 and S2, Supporting Information).
Although the performance was lower than that of the PEFC
with the latest and highly active noble metal-free cathode
catalyst prepared using expensive and artificially synthesized
raw materials,® the information obtained in this study could be
useful in further enhancing the activity of the carbonized
hemoglobin, which is derived from one of the abundant
renewable natural resources.
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Figure 6. Relationships between current density and cell voltage
(white symbols) and relationships between current density and power
density (black symbols) for PEFC formed using 3.5 mg cm™ of
CHbMg-1000-5min in the cathode and 1 mg cm ™2 of Pt/C in the
anode. Electrode area: 5 cm® Cell temperature: 80 °C. Gas
humidification temperature: 80 °C. H, and O, were supplied at 200

cm® min~! under atmospheric pressure (circle). H, and air were also

supplied under atmospheric pressure at 200 and 1000 cm® min™,

respectively (triangle).

In addition to the H,/O, measurements, the PEFC
performance and its degradation were also examined using
H,/air under atmospheric pressure due to their technological
importance. Figure 6 also shows the relationships between the
current density, cell voltage, and power density. The current
density and maximum power density were slightly higher than
those for the PEFC formed using the carbonized hemoglobin in
the previous studies. The current decrease during the
continuous operation at 0.5 V is shown in Figure S3 of the
Supporting Information. The current retained 47% at 100 h,
less than that for the PEFC formed using the carbonized
hemoglobin before the NH; treatment by 16%. Although the
detailed reason for the lower durability of CHbMg-1000-5min
is not clear at present, it might be associated with the less
ordered structure of the Fe—N, active site. It is proposed that
H,0, generated in the PEFC attacks and decomposes the
active site.*”*" The ordered structure of the Fe—N, moiety
could be advantageous in avoiding the H,O, attack due to the
absence of disordered N, which might be easily attacked.
Further studies are necessary to find methods for developing
pores with the retention of the ordered structure of the Fe—N,
moiety.

B CONCLUSIONS

Pore development in the carbonized hemoglobin was achieved
by heat treatment in the NH; + Ar atmosphere at high
temperature for a short period of time. The specific surface area
and pore volume were increased, and the unprecedented pore
volume of 3 cm® g~' was obtained for the carbon materials
derived from natural resources.

In accordance with pore development, catalytic activity of the
carbonized hemoglobin for O, reduction was enhanced. The
surface N concentration of the carbonized hemoglobin was
substantially decreased by the NH; treatment, whereas only a
slight decrease was observed for the surface Fe concentration.
The XAFS measurements showed the presence of the Fe—N,
moiety in the NHj-treated carbonized hemoglobin. These
results implied that the active site was the Fe—N, moiety and
that the main factor for the activity enhancement was pore
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development. The performance of the PEFC formed using the
NHj;-treated carbonized hemoglobin in the cathode was also
improved compared to that formed using the carbonized
hemoglobin before the treatment.

This study demonstrated that the NH; treatment was
effective for the formation of highly porous carbonaceous
materials with enhanced activity as the fuel cell catalyst from
the currently discarded hemoglobin and also implied that the
treatment widened the possibility of using hemoglobin as a
potential natural resource. Further enhancements of the pore
development and catalytic activity would be enabled possibly by
more advanced and controlled pore development methods,
which are now underway.
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Experimental details, surface compositions of carbonized
hemoglobin, elemental compositions of carbonized hemoglo-
bin, comparison of the fuel cell test results between the present
and previous studies.”” This material is available free of charge
via the Internet at http://pubs.acs.org,
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