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Polymer Electrolyte Fuel Cells

Jun Maruyama* and Ikuo Abe

Environmental Technology Department, Osaka Municipal Technical Research Institute,
1-6-50, Morinomiya, Joto-ku, Osaka 536-8553, Japan

Receied August 11, 2005. Rised Manuscript Receéd December 8, 2005

Raw materials for producing polymer electrolyte fuel cells should be inexpensive and abundant in
their resource in order to widely substitute this new energy system for conventional ones. In this study,
a catalyst for the cathodic oxygen reduction was formed from hemoglobin, a large amount of which
would be always available. The heat treatment in an inert atmosphere aroufd pftluced a carbonized
material with highly developed nanospaces. The specific surface area reached?pdatthe optimized
carbonization conditions. The fundamental electrochemical properties were evaluated using rotating disk
electrodes, forming a catalyst layer from the carbonized material with the polymer electrolyte on the
electrode surface and immersing the layer in oxygen-saturated perchloric acid. We found that the carbonized
materials were active toward oxygen reduction and the activity increased with the nanospace development,
essential for exposing the active sites on the pore surface. The oxygen reduction behavior reflected the
pore structure and iron content. A preliminary fuel cell test using the material in the cathode confirmed
the current generation. Although the performance was inferior to a Pt-based fuel cell, the result suggested
that it could be improved by structure modification and surface treatment of the material.

Introduction electrodes, especially for the,@eduction due to its slow
reaction rate. Nanoparticles of Pt or Pt alloys supported on
electron-conductive carbon black (Pt/C) have hitherto been
used as the catalyst since it has been generally recognized
that only these metals are active for such reactions and stable
in the highly acidic atmosphere of the polymer electrolyte.
producing only water. Among the various types of fuel cells The_specific surface area of Pt on the carbon black support
‘ ' is higher than that without the support, such as Pt black,

a polymer electrolyte fuel cell (PEFC), in which perfluoro- leading to the higher PEFC performarféThe possibility
sulfonate ion-exchange membranes are usually used as the " . )
) : of using newly developed carbon materials, such as carbon
electrolyte, is able to generate high power around°80 8 . 12
This temperature range makes its start from room tem eraturenanowbeg’ carbon nanohorrisand carbon nanofibefs,
emp g b .as catalyst supports has been recently investigated for further
feasible, advantageous for use as a power source of electric . Lo
. . . -~ Improvement in performance. Nevertheless, the limitation
vehicles and cogeneration systems for domestic electricity

and heating— The PEFC has now been practically used in of Pt reserves and sup_ply will prohibit widespread use of
. : . . the PEFC. This has raised the demand for a catalyst that
electric vehicles and shows promise for widespread use. . . ) N
In the PEFC, H oxidation (reaction 1) and Qreduction functions with far less or no Pt. There is a projection that
(reaction 2) oc'cur as follows the technology advance would decrease the Pt requirement
for the PEFC to 15 g per vehiclé This value corresponds
to an approximately 80% decrease from the FC system in

The substitution of conventional energy systems by fuel
cells would help to improve the global environmériuel
cells generate electricity by converting chemical energy due
to hydrogen combustion to electrical energy based gn H
oxidation at the anode and,Qeduction at the cathode,

H, —2H" + 2¢ 1)

(5) Wilson, M. S.; Gottesfeld, Sl. Appl. Electrochem1992 22, 1.
+ e (6) Wilson, M. S.; Gottesfeld, Sl. Electrochem. Sod 992 139 L28.
O, +4H"+4e 2H,0 (2) (7) Li, W.; Ling, C.; Zhou, W.; Qiu, J.; Zhou, Z.; Sun, G.; Xin, Q.
Phys. Chem. R003 107, 6292.
; i (8) Rajesh, B.; Thampi, K. R.; Bonard, J.-M.; Xanthopoulos, N.; Mathieu,
Catalysts are necessary for these reactions to occur in the H. 3. Viswanathan, B1. Phys. Chem. B003 107 2701
(9) Yoshitake, T.; Shimakawa, Y.; Kuroshima, S.; Kimura, H.; Ichihashi,

* To whom correspondence should be addressed. Pht8&:6-6963-8043. T.; Kubo, Y.; Kasuya, D.; Takahashi, K.; Kokali, F.; Yudasaka, M.;

Fax: +81-6-6963-8049. E-mail: maruyama@omtri.city.osaka.jp. lijima, S. Physica B2002 323 124.

(1) Jacobson, M. Z.; Colella, W. G.; Golden, D. Ecience2005 308, (10) Steigerwalt, E. S.; Deluga, G. A.; Lukehart, C. 34.Phys. Chem. B
1901. 2002 106, 760.

(2) In Handbook of Fuel CellsVielstich, W., Lamm, A., Gasteiger, H. (11) Bessel, C. A,; Laubernds, K.; Rodriguez, N. M.; Baker, R. TJK.
A., Eds.; John Wiley & Sons: Chichester, England, 2003. Phys. Chem. 2001, 105, 1115.

(3) Costamagna, P.; Srinivasan,Js.Power Sourceg001, 102 242. (12) Che, G.; Lakshmi, B. B.; Fisher, E. R.; Martin, C. Rature 1998

(4) Gottesfeld, S.; Zawodzinski, T. A. IAdvances in Electrochemical 393 346.
Science and Engineerindlkire, R. C., Gerischer, H., Kolb, D. M., (13) Jaffray, C.; Hards, G. IHandbook of Fuel CellsVielstich, W., Lamm,
Tobias, C. W., Eds.; Wiley-VCH: Weinheim, Germany 1997; Vol. A., Gasteiger, H. A., Eds.; John Wiley & Sons: Chichester, England,
5, p 195. 2003; Vol. 3, Chapter 41.

10.1021/cm0517972 CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/09/2006



1304 Chem. Mater., Vol. 18, No. 5, 2006 Maruyama and Abe

2002 and 40% consumption of the Pt reserve by full for oxygen reduction in the highly acidic atmosphé&t&he
replacement of currently existing conventional vehicles. Since active sites, the FeN, moiety, were formed from Fe(lll)
realization of such technology advance is unknown at presentand N atoms originating from the porphyrin contained in
and an increase in the number of vehicles is expected,catalase. We also found that the active sites were finely and
development of Pt-free catalysts is important as one approacthomogeneously dispersed in the carbon matrix due to the
to realize widespread use of PEFC. inherent inclusion of the Fe(lll) porphyrin. The carbonized
It has been demonstrated in many studies that organicmaterial was highly porous; the specific surface area was
macrocycles such as porphyrins and phthalocyanines ad-790 n? g~ under optimized conditions, which was essential
sorbed on a carbon support, coordinating Fe through four for exposing the active sites on the pore surface. Neverthe-

central N atoms, are active for,@duction but unstable in

less, further studies are required to improve the activity and

acid electrolytes and that the low stability is improved by its stability. In addition, the pore-forming mechanism remains

pyrolyzing it in an inert atmosphefé:2¢ The active site of
the heat-treated catalyst has been recognized as thilFe

to be clarified. Since there is no systematic study on the
carbonization of proteins, it is necessary to investigate the

moiety that remains after heat treatment and is embedded incarbonization behavior of various proteins.

the carbon surfac¥:26 A few studies showed that the moiety

In this study, we carried out the carbonization of hemo-

was also formed by heat treatment of a mixture of Fe salts, globin, one of the iron proteins, characterized the carbonized
carbon black, and an N-containing polymer such as poly- materials, and investigated the oxygen reduction at these
pyrrole and polyacrylonitril8-2These Pt-free catalysts are materials. Hemoglobin consists of two pairs of subunits,
based on artificially synthesized compounds. represented as;0,01032, containing the Fe(lll) porphyrin,
Recently, we produced a Pt-free catalyst from a natural and the total molecular weight is about 65 G06"> Hemo-
organic compound, catalase, an iron enzyme consisting ofglobin is easily available due to its abundance. In particular,
four equal subunits (molecular weight: 57 000) containing utilization of blood from the meat industry would be

the Fe(lll) porphyrirt®-33 Although catalase immobilized on
glassy carbon (GC) electrodes had activity forr€duction

in a neutral solutiord? this enzyme would be hydrolyzed in
the highly acidic atmosphere of the polymer electrofyte.

promising. Almost all red blood cells in blood are discarded
as waste, and the meat industry produces more than 200
million tons of meat per year around the world. The amount
of hemoglobin is roughly estimated to be 2 million tdfis.

However, we found that heat treatment of catalase in an inertimprovement in the activity of the carbonized materials for
atmosphere formed carbonized materials which were activeoxygen reduction would be expected due to the higher Fe
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content per molecule than catalase.

We found that the carbonization of hemoglobin produced
highly developed micropores inside the carbonized material
in a very limited heat-treatment temperature range. Only a
25 °C change in the heat-treatment temperature caused
substantial change in the specific surface area. The specific
surface area was as high as 1005 gn'. We also found
that the Q reduction behavior reflected the pore structure
and Fe content.

Experimental Section

Materials. Hemoglobin from bovine blood was purchased from
Sigma and used as received. A commercially available catalyst of
10 wt % platinum on Vulcan XC-72R carbon (ElectroChem) was
used as the Pt/C material. High-purity water was obtained by
circulating ion-exchanged water through an Easypure water-
purification system (Barnstead, D7403). Perchloric acid (70%, Tama
Chemical, analytical grade) was diluted with the high-purity water
to prepare 0.1 mol dn? HCIO,. A solution of Nafion as a
perfluorosulfonate ion-exchange resin [equivalent weight (molar
mass/mol of ion-exchange site) 1100, 5 wt % dissolved in a
mixture of lower aliphatic alcohols and $20% water] was
purchased from Aldrich. Nafion 112 was used as the electrolyte
membrane for the fuel cell test. The membrane was successively
immersed in 3% kKO, high-purity water, 1 mol dm? H,SOy, and
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high-purity water at boiling temperature. The argon, hydrogen, and carbonized material was similarly formed from 10 mg of the carbon
oxygen gases were of ultrahigh purity. black and 1 criof the Nafion solution for comparison.
Carbonization of Hemoglobin and Characterization of the Electrochemical MeasurementsAn electrochemical analyzer
Carbonized Materials. The carbonization of hemoglobin was (100B/W, BAS) and an RDE glass cell were used for cyclic
carried out in 100 cfhmin~! flowing Ar at 750, 775, 800, 825, voltammetry and measurements of the currguttential relation-
and 850°C for 2 h after raising the temperature atG min-%. For ships. The glass cell was cleaned by soaking in a 1:1 mixture of
convenience, the carbonized material produced af @56 hereafter concentrated HN@and HSO,, followed by a thorough rinsing
called CHb750, and the others are named in a similar manner. Thewith high-purity water, and finally steam cleaniffgThe counter
Fe contents in the carbonized materials were measured by induc-electrode was a Pt wire, and the reference electrode was a reversible
tively coupled plasma atomic emission spectrophotometry (ICP- hydrogen electrode (RHE). All potentials were referred to the RHE.
AES) using an ICPS-8100 system (Shimadzu) after combustion of Cyclic voltammograms for the catalyst layers were recorded in Ar-
the carbon matrix and dissolution of the residue by 0.5 motdm  saturated 0.1 mol dm¥ HCIO, at 25°C. The potential was scanned
H,SO, at boiling temperature. Treatment with an acid solution was between 0.05 and 1.3 V at a scan rate of 50 mV. 8efore
also carried out for CHb825 to remove soluble Fe species on therecording, the potential was repeatedly scanned between 0.05 and
surface. The treatment was performed in 0.5 mol&k,SO, at 1.4 V to remove any residual impurities. The currepbtential
boiling temperature for 1 h, followed by filtering, washing with  relationships were obtained in,®aturated 0.1 mol dn¥ HCIO,
high-purity water, and drying in a vacuum at room temperature. at 25°C at various rotation speeds. The scan rate of the potential
The acid-treated CHb825 is hereafter called CHb825A. The amountwas fixed at 10 mV st. Prior to measurement, the electrode was
of Fe in the leaching solution was also determined by ICP-AES. repeatedly and alternately polarized at 0.05 and 1.% Vhe
The adsorption isotherm of MNonto the carbonized material was  potential was finally stepped to 1.2 V and then swept in the negative
measured using an automatig &tlsorption apparatus (Belsorp 28, direction to obtain the currenpotential relationship. The back-
Nihon Bell) at—196°C. The specific surface area was determined ground current was similarly measured in an Ar atmosphere without
by the BrunauerEmmet-Teller (BET) plot of the isotherm and  rotation.

the pore volume by the amount of adsorbechla relative pressure Fuel Cell Tests.A catalyst layer was formednoa 5 cn? carbon
of 0.931. The mean pore diameter was calculated assuming thatcloth or paper treated with poly(tetrafluoroethylene) (ElectroChem)
the pore was cylindrical and using the equation as the gas-diffusion layer. A cathode was formed on the carbon
cloth from CHb825 or CHb825A by spreading the paste similarly
d=4V,/S prepared as described above with a mixture of the Nafion solution
and the high-purity water, followed by drying overnight at room
whered is the mean pore diametar;, is the pore volume, anflis temperature. The amounts of CHb825, the electron-conductive

the specific surface area. The differential pore-size distributions agent, and Nafion were 10, 1.0, and 5.0 mg-&nrespectively.
were also obtained using the isotherm. X-ray diffraction (XRD) An anode was formed using a catalyst paste prepared by adding
was performed with an automated RINT 2500 X-ray diffractometer Pt/C to the mixture of Nafion solution and the high-purity water
(Rigaku) using Cu I& radiation. Data acquisition was carried out and then ultrasonically dispersing it. The paste was spread on the
in the 6/20 step scanning mode at a speed dfiin~! with a step carbon paper and dried overnight at room temperature. The amounts
size of 0.02 (260). A transmission electron micrograph (TEM) was  of Pt/C and Nafion were 1.0 (Pt, 0.1 mg cfand 0.5 mg cm?,
obtained using a JEM-1200EX (JEOL). X-ray photoelectron respectively. A cathode of a conventional Pt-based fuel cell for
spectroscopy (XPS) was carried out using a PHI ESCA 5700 systemperformance comparison was formed on the carbon cloth in the
(Physical Electronics) with Al K radiation (1486.6 eV) in which same way. The electrodes and the electrolyte Nafion 112 membrane
the finely ground carbonized material was fixed on an Al adhesive were pressed at 2.5 MPa and 1%0 for 10 min to form the
tape. membrane-electrode assembly, which was then incorporated into
Catalyst Layer Formation. The electrochemical characteristics a single-cell apparatus (ElectroChem). Hydrogen and oxygen were
of the carbonized material were fundamentally investigated by fixing humidified at 80°C and passed into the apparatus at 108 min—1
it on the surface of a rotating glassy carbon disk electrode (GC and atmospheric pressure. The partial pressure of hydrogen and
RDE) as a catalyst layer and immersing it in 0.1 mol-dm  oxygen was 54 kPa. The curreniotential relationships were
HCIO4.4144 An aliquot of 100 mg of the finely ground carbonized measured at 80C using a fuel cell station (NF) after a continuous
material and 10 mg of carbon black (Vulcan XC-72R, Cabot) as 2-h operation at 0.5 V as a pretreatment. Subsequently, the current

the electron-conductive agent were added to £ afithe Nafion at 0.5 V was recorded during a continuous operation.
solution. The mixture was ultrasonically dispersed to produce a
catalyst paste. A GC RDE (BAS), which consisted of a GC rod Results and Discussion

sealed in a Kel-F holder, was polished with a 2000 grit emery paper ) ) )
(Sumitomo 3M) and then ultrasonically cleaned in high-purity water ~ Single-Step Generation of Activated Carbon from
for use as a support for the catalyst layer. The geometric surface Hemoglobin. The heat treatment of hemoglobin at 750, 775,

area of the electrode was 0.071 Z(diameter, 3 mm)A 1 mm? 800, and 825 C produced the carbonized materials in the
volume of the paste was pipetted onto the GC surface, and to shieldfollowing yields: 22.2%, 20.3%, 14.2%, and 11.5%, respec-
it from the irregular air stream generated by a ventilator, the tively. The yield decreased with an increase in the heat-
electrode was immediately placed under a glass cover until the layertreatment temperature. Only a trace amount was left after
was formed. After removal of the glass cover, the layer was further heat treatment at 85TC. The Fe contents were as follows:
dried overnight at room temperature. A catalyst layer without the CHb750, 0.68 Wt %: CHb775, 0.77 wt %: CHb800, 1.11 wt
%; CHb825, 1.37 wt %; CHb825A, 0.47 wt %.
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1994 24, 863. 1989 272, 277.

(44) Gojkovig S. Lj.; Zewvig, S. K.; Savinell, R. FJ. Electrochem. Soc. (46) Razag, M.; Razaq, A.; Yeager, E.; DesMarteau, D. D.; Singhd, S.
1998 145 3713. Electrochem. Soc1989 136, 385.
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Figure 1. Pore-size distributions of CHb750 (thin line), CHb775 (thin CHb800
dotted line), CHb80O0 (thick line), CHb825 (thick dotted line), and CHb825A CHb775
(thick dashed line). 1 keps m
. : CHb750
The specific surface areas and mean pore diameters o 10 20 30 40 50 60
determined by the Nadsorption isotherm were as follows: 20/°
CHb750, 517 rAg™?%, 1.73 nm; CHb775, 597 frg %, 1.71 Figure 2. X-ray diffraction spectrum of CHb750, CHb775, CHb80O,
nm: CHb800, 816 ﬁ’]g’l, 1.78 nm: CHb825, 1005 ?’Tgfl, CHb825, and CHb825A. Each spectrum was arbitrarily shifted for easier

. - comparison. The positions and relative intensities of the main diffraction
1.92 nm. A 25°C difference in the heat-treatment temper- peaks ofy-Fe2Q (JCPDS No. 39-1346) are also shown.

ature caused a significant difference in the pore structure.

The surface areas of CHb800 and CHb825 were as high asbon,47 usually observed for activated carbon. No peaks were
. : . observed except for those broad peaks in the XRD spectra
that of the commercial activated carbon. In addition to these

values of specific surface area and mean pore diameter, th of CHb750 and CHb775, whereas sharp peaks appeared in
. T ' NShe XRD spectra of CHb800 and CHb825. These peaks were
pore-size dl_strlbuuons of C.:Hb750' CHb_7_75' CHb8OO, and attributed to the F&; particles, which were formed through
CHbB25 (Flggre 1) conflr_med a S'Qn'f'ca”t hanospace decomposition of the Fe(lll) porphyrin and combination of
develo.pment |n.the_ carbonized material. In pamcular, the Fe and oxygen from the polypeptide chains in the hemo-
pore size was distributed below the pore radius of 2 nm in 45hin during the carbonization process. The peak growth
all carbonized materials, indicating that pore development ;g sharpening, which were observed in the XRD spectrum
proceeded within the very limited range of the pore radius. of cHp825 compared with CHb800, indicates that more
Generally, activated carbon is produced from coconut shells Fg,0, particles were present in CHb825 with their larger
or coal through their carbonization and then an activation sjze than in CHb800. The K&; peaks disappeared in the
process using steam or GOn contrast, the results in the  XRD spectrum of CHb825A due to removal of /B8 by
present study indicate that activated carbon can be producedcid treatment.
from hemoglobin by a one-step temperature-controlled heat Formation and removal of the f@; particles were also
treatment. A similar pore development also occurred for confirmed by the transmission electron micrographs of the
carbonization of an Fe enzyme, catalase, although the porecarbonized materials shown in Figure 3. The amorphous
structure and its variation with an increase in the heat- carbon appeared as the gray areas and th®sHearticles
treatment temperature were different; the pore size was moreappeared as the black particles. The black particles were
widely distributed, and the variation was slovieiThese ~ scarcely observed in the micrographs of CHb750 and
results suggest that the properties of the carbonized material$Hb775 but clearly observed in those of CHb800 and
from proteins and the carbonization processes are dependerfeHb825. The number and size of the .B¢ particles
on the kind of raw material. Further results are being obtained @ncreased in CHb825_ compared with CHb800. Thes_e results
in our department using various proteins to clarify the indicate the generation and growth of the;®gparticles
relationship between raw materials and products as well asWith anincrease in the heat-treatment temperature, even with

the carbonization processes using other analytical methoddn® hZSOC :cncreas?.h bonized al N
such as Raman spectroscopy, which will be reported in . The surfaces of the carbonized materials were character-

another paper. The specific surface area and the mean por ed by X-ray photoelectron spectroscopy. Figure 4a shows
. 1 e X-ray photoelectron spectrum of N 1s. The peaks at 398.2
diameter of CHb825A were 919 3rg~! and 2.08 nm, . . .
. : ; and 400.7 eV were attributed to the N atom included in the
respectively. The slight change in these values compared to_ . . . .
pyridine- and pyrrole-like surface groups, respectivély.

those of CHp82§ m|ght be gssomgted Wlth rem_qval of the Figure 4b shows the X-ray photoelectron spectra of Fe 2p.
soluble species in acid solution, which was identified below. Peaks at 711.3 eV for Fe gpand 725.0 eV for Fe 2p

Iron-Containing Species in Carbonized Material.Figure ~ were observed. The peak at 711.3 eV was attributed to
2 shows the X-ray diffraction (XRD) spectra of the carbon-
ized materials. The large broad peaks@t225° and small (47) Bron, M.; Radnik, J.; Fieber-Erdmann, M.; Bogdanoff, P.; Fiechter,
broad peaks 44 were observed for all the carbonized S. J. Electroanal. Chem2002 535 113.

. . (48) Casanovas, J.; Ricart, J. M.; Rubio, J.; lllas, F.; diezeMateos, J.
materials. Those peaks were attributed to amorphous car- ~ M. J. Am. Chem. Sod.996 118 8071.
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(a)

Figure 3. Transmission electron micrographs of (a) CHb750, (b) CHb775, (c) CHb800, (d) CHb825, and (e) CHb825A. Acceleration voltage was 100.0 kV.
The scale bars in the micrograph correspond to 50 nm.

Fe(lll) according to the value reported in the literature:  Cyclic Voltammetry. Figure 5 shows the cyclic voltam-
710.8-711.8 eV*¥59 The spectra for CHb800 and CHb825 mograms for the catalyst layers in Ar-saturated 0.1 moldm
were apparently in agreement with the presence @Ofe  HCIO,4, which provides information on the electrochemical
species. However, the peaks were also attributable to speciesurface properties of the carbonized materials in contact with
other than Fg0; since the peak position was the same in the polymer electrolyte. The sign of the current due to the
the spectra for CHb750 and CHb775, in which the(=e oxidation reactions was taken as positive, and that due to
particles were almost absent, as shown in the XRD spectrathe reduction reactions was taken as negative. The current
and the TEM images, and Fe might be finely dispersed in in both the positive and negative scans increased with an
the carbon matrix. The X-ray photoelectron spectrum of Fe increase in the heat-treatment temperature. Charging of the
2p in CHb825A (Figure 4c), which indicated the same electrochemical double layer might mostly cause the current
valence state, supported the hypothesis since acid treatmendue to the large surface area of the carbonized material. In
could reduce the influence of the J&g particles, although  addition, two kinds of peaks were observed in the voltam-
they might be still present after the treatmént. mograms for the CHb800 and CHb825 layers. Very broad
The finely dispersed Fe-containing species were probably peaks were attributable to the redox reaction of quinone-
the Fe-N, moiety embedded in the carbon surface. In our like functional groups (Q) on the surfaces, which is usually
preceding study, an iron enzyme, catalase, was carboffized. observed for carbon electrodés
The presence of the moiety in the carbonized catalase was
expected by retention of porphyrin-like structures in car- Q+2H"+2e < QH, (3)
bonaceous compounds after pyrolysis of their precursor ) )
containing metal porphyriA&s52and also implied by the The very small peaks attributed to the?F&" re_dox reaction
Méssbauer spectrum of the carbonized catalase. The presenc@ere overlapped on the broad peaks and situated at 0.75 V

of the moiety was expected similarly in the carbonized N the positive scan and 0.65 V as a shoulder in the negative
material in this study. scan. These Fe species might be derived from theNze

moiety or the FgO; particles through the dissolution and
(49) Johansson, L. Y.: Larsson, Rhem. Phys. Lettlo74 24, 508. reduction during the potential cycles. Those peaks were not
(50) Choudhury, T.; Saied, S. O.; Sullivan, J. L.; Abbot, A.MPhys. D: observed in the voltammogram for the CHb825A layer,

Appl. Phys.1989 22, 118S. indicating that acid treatment removed the soluble Fe species.
(51) Jones, J. M.; Zhu, Q.; Thomas, K. I@arbon1999 37, 1123.
(52) Herod, A. J.; Gibb, T. C.; Herod, A. A.; Xu, B.; Zhang, S.; Kandiyoti,
R. Fuel 1996 75, 437. (53) Maruyama, J.; Abe, Electrochim. Acta2001, 46, 3381.
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Figure 4. X-ray photoelectron spectra of N 1s (a) and Fe 2p (b) in CHb750,

CHb775, CHb800, and CHb825 and Fe 2p in CHb825A (c). Each spectrum

was arbitrarily shifted in theg-axis direction for easier comparison.
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Figure 5. Cyclic voltammograms for catalyst layers formed from CHb750
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Figure 6. Relationships between electrode potential and oxygen reduction
current of negative scans at catalyst layers formed from CHb750 (thin line),
CHb775 (thin dotted line), CHb80O (thick line), CHb825 (thick dotted line),
CHb825A (thick dashed line), and carbon black (thin chain line) jn O
saturated 0.1 mol dn¥ HCIO4 at 25°C. Scan rate: 10 mV3. Electrode
rotation speed: 2000 rpm.

1.2

carbonized material. The Fé*" redox peaks were also
absent in the voltammograms for the CHb750 and CHb775
layers. The low surface areas of CHb750 and CHb775 limited
the number of quinone-like surface functional groups, and
the insufficient development of pores limited exposure of
the Fe-N4 moiety to the pore surface, which resulted in
almost eliminating the peaks.

Oxygen Reduction. Oxygen reduction currents at the
catalyst layers were measured ig-€arturated 0.1 mol dni
HCIO, with the electrodes being rotated at various rotation
speeds. Figure 6 shows the relationships between the
electrode potential and currents at the catalyst layers formed
from CHb750, CHb775, CHb800, CHb825, CHb825A, and
only an electron-conductive agent, measured by rotating the
electrodes at 2000 rpm. The current shown in Figure 6 was
obtained by subtracting the background current from the
measured current. The,@eduction currents at the catalyst
layers formed from the carbonized material increased with
an increase in the heat-treatment temperature. The current
was smaller at the CHb825A layer than that at the CHb825
layer. These currents shown in Figure 6 arose from the O
reduction inside the catalyst layer but included the influence
of the mass transfer in the 0.1 mol diHCIO, solution in
which the catalyst layer was immersed. The activities of the
catalyst layers for @reduction were evaluated using the
reduction current free of the influence of the mass transfer
in the solution,lx, determined bi?

1

| e

1
0.62MFAD ¢y V612

where | is the reduction current after subtracting the
background currenty is the number of electrons involved
in the G, reduction per moleculé; is the Faraday constant,
Ais the geometric area of the GC electrobés the diffusion

dotted line), and the acid-treated CHb825 (thick dashed line) in Ar-saturated coefficient of Q in solution,c is the concentration of £n

0.1 mol dnT3 HCIO,4 at 25°C. Scan rate: 50 mV 3.

The increase in the current in this voltammogram might be
due to removal of the KE6; particles, which allowed deeper
penetration of Nafion molecules into the pore of the

solution,v is the kinematic viscosity of the solution, and
is the angular frequency of rotation. Figure 7 showis| vs
w2 plots for the Q reduction at 0.1 V anch that were
calculated using the slope of the plot and the following
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values®* 56 F, 96485 C mot!; A, 0.0707 ci; D, 1.9x 10°°
cn? st ¢, 1.18x 108 mol cm3; v, 9.87 x 103 cnP s L.

A two-electron reduction generates the intermediat®H
(reaction 4). An increase imoccurs with its further reduction
(reaction 5), the decomposition of,&, (reaction 6), or an
increase in the proportion of the four-electron reduction to
H,O (reaction 2%’

0,+2H" +2e” —H,0, 4)
H,0, + 2H" 4+ 2e” — 2H,0 (5)
2H,0,— 2H,0 + O, (6)

At the CHb750 layen was 2.5, indicating that the two-

Chem. Mater., Vol. 18, No. 5, 2308
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Figure 8. Relationships between electrode potential and-+dgfA) for
catalyst layers formed from CHb75@), CHb775 @), CHb800 @),
CHb825 @), and CHb825A ¢). Relationship for catalyst layer formed
only from carbon black®) is also shown for comparison.

caused by the development of micropores could essentially
produce the increase ilk. Since the activity of F£; for
oxygen reduction was very lof,the contribution of the
particles in the carbonized materials to the current could be
neglected. Another possible reason for thk increase is

the intrinsic activity increase in the F&, moiety. It has
been reported that the activity of the catalyst prepared by
heat treatment of the iron porphyrins adsorbed on carbon
materials depends on the heat-treatment temperature and
reaches a maximum when the temperature is around 800
°C.1920.2325 However, an activity change as large as that
shown in this study with a 25C change in the heat-treatment
temperature near the maximum activity has not been reported
before. Therefore, the main reason for the activity increase
was attributable to the increase in the active sites. The activity

electron reduction predominated and the oxygen reductionwas decreased by acid treatment of CHb825, probably due
occurred mainly on the carbon surface of the carbonized to the loss of the active sites, although the activity was still

material’* The number of electrons increased with an

higher than that of the CHb800 layer.

increase in the heat-treatment temperature: 2.9 atthe CC775 A further increase in-lx in the low potential region by

layer, 3.1 at the CHb800 layer, and 3.3 at the CHb825 layer.

The development of micropores exposed the-Rg moiety

adsorption of CESG;H in the pores of CHb825 was expected
according to previous studies, which reported that the

in the carbonized material to the pore surface, which led to presence of CfSO;H improved the mass transfer in the pores
the increase in the number of active sites. This increase thenof activated carbdf and the carbonized catala¥ddowever,

raised the possibility that #D, molecules generated inside
the catalyst layer were further reduced (reaction 5) or

no improvement was observed for CHb825. It was recently
found that the effect of GISOsH was dependent on the kinds

decomposed (reaction 6) during their transfer to the outside of activated carbof® CHb825 was presumably unsuitable

of the layer, which resulted in theincrease. The change in
n was not observed after acid treatment of CHb825.

Reduction of the particle size of the carbonized material by

thorough grinding would further increase&lue to an increase
in the possibility of contact between the®, molecules and
the active sites. The studies regarding théncrease are
currently underway.

The relationships between electrode potential and-tog(
I/A) (Tafel plots) are shown in Figure 8. The activity for

for CRSO;H treatment, although a detailed reason is not
clear at present.

In contrast—Ix at the CHb825 layer in the high potential
region was about three times higher than that at the layer
formed from the carbonized catalase with optimum activity.
Although not all the irons in hemoglobin were transformed
to the active sites, the higher Fe content in hemoglobin than
in catalase might contribute to the improved activity. In
addition, the higher specific surface area of the carbonized

O reduction at the catalyst layers formed from the carbon- hemoglobin than that obtained for carbonized catalase would
ized material increased with an increase in the heat-treatmenbe another reason for the improvement. We recently found
temperature. The increase in the number of active sitesthat oxygen reduction at a catalyst layer formed from
activated carbon loaded with platinum was enhanced by the
increased specific surface area of the activated céitbon.

(54) Maruyama, J.; Abe, U. Electroanal. Chem2003 545 109.

(55) Zeevic, S. K.; Wainright, J. S.; Litt, M. H.; GojkovicS. Lj.; Savinell,
R. F.J. Electrochem. Sod.997, 144, 2973.

(56) Mello, R. M. Q.; Ticianelli, E. AElectrochim. Actal997, 42, 1031.

(57) Maruyama, J.; Inaba, M.; Morita, T.; Ogumi, Z.Electroanal. Chem.
2001, 504, 208.

(58) Balko, B. A.; Clarkson, K. MJ. Electrochem. So2001, 148 E85.
(59) Maruyama, J.; Abe, U. Power Source2005 148 1.
(60) Maruyama, J.; Abe, ICarbon2004 42, 3115.
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Figure 9. Relationships between cell voltage and currents generated by and CHb825A (dashed line) during continuous operation at 0.5 V. Cell
fuel cells formed from CHb825 (th|Ck Iine), CHb825A (thICk dashed Iine), temperature: 80C. Hydrogen and oxygen were humidified at 8D and

and P/C (thin dashed line). Cell temperature:°80Hydrogen and oxygen  passed into the cell apparatus at 106 enin—! and atmospheric pressure.
were humidified at 80C and passed into the cell apparatus at 108 cm The partia| pressure of hydrogen and oxygen was 54 kPa.

{?X'Qg;? rv'fa; g”;ﬂfgg?m pressure. The partial pressure of hydrogen and and the currents generated by the fuel cells. The amount of
Pt in the cathode formed from Pt/C was nearly equal to that

Since the carbonized catalase and hemoglobin possessefif Fe in the cathode formed from CHb825. These results
specific surface areas as high as activated carbon, it mightconfirmed that the single cell formed from the carbonized
be valid to presume that a similar behavior also occurred at material generated current, although the performance was
the catalyst layer formed from the carbonized hemoglobin. inferior to that of the conventional Pt/C fuel cell. The

The Tafel plots showed several linear regions. The slopesPerformance declined during continuous operation at 0.5 V
of the lines (Tafel slope) for the CHb825 layer wer8.10,  (Figure 10); the current significantly decreased during the
—0.23 V, and—0.44 V decade' from the high to low first 24 h, 52% of the initial current, and gradually decreased
potential region. The value 6f0.10 V decade! was close to 41% at 48 h. The current decrease is probably attributed
to the value of—0.12 V decade!, which indicated that the  to destruction of the active sité32° However, the perfor-
rate-determining step of Oreduction at the carbonized Mance was improved compared to that of the fuel cell whose
materials was the step of the first electron transfer to an O cathode was formed from carbonized catalase, except in the
molecule adsorbed on the surface following the Langmuir Very low potential region, below 0.2 ¥.In particular, the
isotherme! Further detailed mechanisms will be discussed current in the high potential region was three times higher,
after accumulation of the data by the investigation of oxygen in agreement with the results obtained using rotating disk
reduction at various Fe-based Pt-free catalysts formed fromelectrodes. The current retention ratio after the 48-h operation
various raw materials. was also improved from 36% to 41%.

The increase in the Tafel slopes observed with a decrease 1€ current decrease was further slower at the fuel cell
in the electrode potential could be explained by the flooded- formed from CHb825A, although the initial current was

agglomerate model proposed by Perry e¥akhich predicts lower than that at the fuel cell formed from CHb825, which
that a double Tafel slope will be observed in a potential reflected the activity loss, and the reason for the improvement
region where @ reduction is controlled by kinetics and is not clear at present. The 48% and 59% decrease observed

diffusion of dissolved @and a quadruple Tafel slope in a at 24 and 48 h for the fuel cell formed from CHb825 were
region where @ reduction is controlled by kinetics, the ~Observed at 55 and 98 h for the fuel cell formed from
diffusion of dissolved oxygen, and ionic transfer. The two CHDb825A, respectively, indicating the acid treatment is one
higher Tafel slopes;-0.23 and—0.44 V decadg, therefore approach to improve durability of the carbonized material
correspond to the double and quadruple Tafel slopes,@S @ cgthode catalyst.. On the basis o.f the results on the
respectively, although the model does not fully agree with c&rbonized hemoglobin and catalase, improvement in the
the behavior in this study, which showed first-order kinetics 2ctivity and durability would also be expected by modifying
in oxygen concentration across all potential regi#frighe the carbonizing condition, for instance, the atmosphere and
Tafel plot for the CHb750 layer showed only one Tafel slope heating rate, which leads to modification of the structure of
(—0.12 V decade) that followed the theory. The-Ix the carbonized material. Further studies are being done to
increase with a decrease in the electrode potential was slowinvestigate these variables. It should also be noted that the

below that region, probably due to the insufficiently devel- parameters for the cathode catalyst layer formation, such as
oped pores that might hinder the mass transfer. particle size of the carbonized material and composition, i.e.,

Fuel Cell Test. Preliminary fuel cell tests were carried the amount of the carbonized material, the electron-conduc-

out by forming cathodes from CHb825, CHb825A, and P/ tive. agent_, and polymer elegtrolyte, were not optimized. Their
C. Figure 9 shows the relationships between the cell potentialc’pt'm'z""tlon would further improve the performance.

(61) Sepa, D. B.; Vojnovic M. V.; Damjanovic, &lectrochim. Acta98Q Conclusions
25, 1491. o . L .
(62) Perry, M. L. Newman, J.; Caims, &. Electrochem. Sod.998 145 The carbonization of hemoglobin was possible in flowing

Ar, and the carbonized material possessed highly developed
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nanospaces inside the material. The specific surface areasurface area and the Fe content. A preliminary fuel cell test
increased with an increase in the heat-treatment temperatureonfirmed that the carbonized material could be used in the
and reached 1005 %1y 2, as high as that of conventional cathode to generate electricity, although the performance was
activated carbon, for the material carbonized under optimized inferior to that of a conventional Pt/C fuel cell. However,
conditions. Only a 25°C change in the heat-treatment the performance was improved compared to the fuel cell
temperature caused a substantial change in the specifigormed from carbonized catalase due to the higher specific
surface area. The nanospaces mainly consisted of poregyrface area and Fe content, and a better result was also
whose radius was below 2 nm due to specificity of the pore- gpained for the continuous operation of the fuel cell,
development process. _ suggesting that modification of the structure of the carbonized
The electrochemically active surface area of the catalyst ,~iarial would improve its performance and durability.

Iayt_ar formeq from the carbonized material increased With_ Surface treatment of the carbonized material by an acid
an increase in the heat-treatment temperature of hemoglobmSolution also improved the durability.

carbonization, which is in agreement with an increase in the
specific surface area of the carbonized material. The catalyst
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