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Proton exchange membrane fuel cdPEMFC3 depend on platinum at the cathode to catalyze the oxygen reduction reaction
(ORR) and maintain high performance. This report shows that the electrocatalytic activity of Pt is enhanced when it is dispersed
in a matrix of hydrous iron phosphat€ePQ. The Pt-FePO has 2 nm micropores with Pt dispersed as iong inaatd P+

oxidation states. Increased ORR performance is demonstrated for the Pt+F&R@an carbon(VC) materials compared to a
standard 20 wt % Pt-VC catalyst on rotating disk electrodes with Pt-loadings of GRHnegi 2. The improvement in the ORR

is attributed to the adsorption/storage of oxygen on the FePO, presumably as iron-hydroperoxides. The ORR activity of the
Pt-FePO in air is close to that in oxygen at low current density, and therefore this catalyst has a distinctly unique behavior from
Pt-VC. Contrary to Pt-VC, the Pt-FePO catalyst shows activity towards hydrogen and CO oxidation, but does not exhibit their
characteristic adsorption peaks, suggesting that Pt ions in the iron phosphate structure are less sensitive to poisoning than metallic
Pt. The results present opportunities for new low-Pt catalysts that extend beyond the current capabilities of Pt-VC.
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Proton-exchange membrane fuel celREMFCg are electro- The Pt loading required on the electrodes has also been de-
chemical conversion devices that can produce electricity at high fuetreased by modification of the environment that the catalyst experi-
efficiencies, and they are currently in development for a wide rangeences in the membrane electrode assenidi¢A). Researchers at
of commercial applications. Before the fuel cells become practicalLos Alamos National Laboratory discovered that Pt utilization is
for wide-scale consumer use, several technological problems musimproved when the catalyst is dispersed on a porous, electronically
be solved. For instance, the activity of the electrodes must be imconductive substratgVulcan carbon, V¢ and with a proton-
proved to increase efficiency, while the amount of platin( conducting mediunta perfluorosulfonic ionomer, Nafiof® When
catalyst in the electrodes must be lowered to reduce the cost of theurrounded by Vulcan carbon and Nafion, the Pt serves more effec-
devices. The issues of activity and Pt loading are greatest at thgvely as an electrocatalyst for the ORR and HOR, because there are
cathode where the oxygen reduction reacti@RR) suffers from  ample transport paths for the protons and electrons in Eq. 1 and 2.
high overpotentials. _ _ Whereas the catalytic activity of the Pt is critical, the electrode

~ The oxygen reduction reactiof©ORR) at a fuel cell cathode is  reactions are mediated by the rate of the transport of the gases,
given in Eq. 1 and the hydrogen oxidation reacti®fOR) at the  protons, electrons, and water to and from the Pt surfaces. For in-
anode is given in Eq. 2 stance, low protonic conductivity in PEMFC cathodes Jicfsé]glnderstood
+ _ to be a limit to their performance at high current densities.With
ORR @ + 4H" + 4e” — 2H,0 [1] the Pt activity no longer being the limiting factor, the Pt loading at
+ - PEMFC cathodes was reduced by an order of magnitude from 4
HOR H, — 2H" + 2e (2] mg(Pt cm 2 to 0.4 mdPt) cm 2. The Pt Ioading at the cathode has
. been decreased to approximately 0.2(Rigcm™ < by further devel-

- . ; . - : %pment of all the MEA components.Yet, a further decrease in
efficiency per unit weight of Pt is generally improved by decreasing Pt-loading is needed for the PEM fuel cell to become practical and

the particle size of the catalysts, as smaller particles exhibit a IargeE:Ost effectived

catalytic surface area per unit of volume. However, the success Our goal is to lower the Pt content of PEMFC cathodes by cre-

gained by size reduction is limited by three effects. First, the cata-_,. ; - . . . .
lytic activity drops with decreasing particle size, because active Ptatmg catalysts which exhibit both high catalytic activity and high

crystal facets disappearFor example, the fraction of the surface ionic transport. Hydrous phosphates are an excellent choice of ma-
having the most activél00) facets drops rapidly for particles less terials for use at fuel cell cathqdes, becaus_e they_ can embody a
than 6 nm in diameter and disappears completely at 1.8 nm. pfange .0:114,1c5jes'rable pr_operggs, including h'g.h protonic
particles smaller than 2 nm are formed almost entirely fidra) conduction, » ™ catalytic activity, qnd thermal stability” Iron
facets® which exhibit two orders of magnitude lower activity than ortho_phosphates are partial omdapon catalysts commonly u;ed
(100 facets, as shown on single-crystal Pt in sulfuric acid for direct Coﬁvig?z'g’” of methanfe Into_oxygenates and oxidative
electrolyte* Second, the surface energy increases with the decreas ehydro_genatlp -~ The catalytic efﬁcac_y of iron pPosphate
in particle diameter. As a result the reactants are more strongly ad F?E% is attributed to a redox mechanism between :F‘?‘”d
sorbed and not easily released. Hence, Pt nanoparticles smaller théi§ -~ Catalysis is enhanced by the phosphate groups, which act as
4 nm in diameter show lower activity than expected from their cata-Bronsted and Lewis acid sites, and the structural water, which sta-
lytic surface ared.The third problem is coagulation or Oswald rip- bilize oxy/hydroxyl states of the catalyst or O/OH and,#BO;0H
ening of Pt nanoparticles over time, which causes a decrease of theouples?* Good stability and ionic conductivity makes FePSuit-
active surface area with aging and eventually results in decreasedble for other electrochemical applications. For example, anhydrous,
catalyst performanc&The ripening of Pt particles can be mediated lithiated FePQ is under intense investigation as the positive elec-
by alloying with Cr and Cd, however stability issues have made trode for Li-ion batterieg® It should be noted that Pt-Fe alloys have
many of the alloy compositions impractical. already been noted as active ORR catal§tsyt Fe-based catalysts
are usually avoided in PEM systems as Fe facilitates the degradation
of the Nafion membran:?®
* Electrochemical Society Active Member. We combine the attractive properties of the hydrous iron phos-
2 E-mail: Karen.lyons@nrl.navy.mil phates with those of platinum to create a new catalyst material with
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Figure 1. The TGA-DTA data show the Pt-FePiWC] material contains
approximately three structurally bound water molecules per Fe atom, afte
drying at 80 and 150°C in vacuum.

high ORR activity. Pt is dispersed in hydrous iron phosphate via a
sol-gel method, to create a platinum iron phosphdéeFePQ.

These active materials are characterized for their surface area, m
croporosity, and the oxidation states of the metals. For electrochemi
cal evaluation, the Pt-FePO is mixed with Nafion ionomer and VC,
to eliminate proton and electron transport as possible limiting fac-
tors in the electrode performance. The VC and the Pt-FePO are
either mixed mechanicallyreferred to as Pt-FeP® VC), or the
VC is impregnated directly with Pt-FePO during synthésiderred
to as Pt-FePVC]). The ORR rate of both types of Pt-FePO elec-
trodes are measured using a rotating disk electf®izE) half-cell
method, so that effects of oxygen-gas diffusion through the electro
lyte can be quantified and controlled. The measured ORR current i
corrected for these diffusion effects and used to calculate the ORR
activity of the catalyst. Finally, the ORR activity of 4.5% Pt-45%

dard 20 wt % Pt-VC electrode with similar Pt loading, to demon-
strate how these unique materials compete with traditional catalys
materials for PEMFCs.

Experimental

Hydrous Pt-iron phosphatét-FePQ was prepared in ambient
conditions from aqueous solutions using a method adapted from the
literature?® Iron nitrate[ F(NO5)5 - 9H,0] and ammonium dihy-
drogen phosphate (Nf,P0O,) were dissolved in 18 12 cm water
separately in a 1:1 molar ratio, mixed together, and stirred for 1 h.
The aqueous mixture of iron and phosphate was doped with 1-10 wt )

% Pt relative to iron by the addition of JR(OH),, and sonicated Figure 2. The SEM micrographs show_the'powder morphology of Pt-FePO
and stirred overnight to ensure the dissolution of the platinum com-A) and Pt-FePQVC], (B) after drying in air at 150°C.

plex. The pH of the acidic solution was increased to pH 7 by the

addition d 1 M ammonium hydroxide, with a gelation process oc-

curring at around pH 3. The gelled precipitate was filtered from theanalysis and differential thermal analysiEGA/DTA, Rheometric
solution, washed with high purity water, dried overnight in air, and Scientifig by heating under flow of argon to 500°C at 5°C min
then heated in air at 150°C for 12 h. After grinding, the powders The Pt and Fe contents of catalysts were determined by inductively
were heated again under vacuum for 12 h at 150°C. couple plasma measuremefitSP) using a Perkin-Elmer ICP spec-

The dried Pt-FePO was acid-washed by stirring the powder in ltrometer(Optima 4300 DVICP-OES Samples were decomposed in
M sulfuric acid at 90°C for at least 1 h. The remaining powder was aqua regia by microwave digestion, and the resulting solutions were
filtered, rinsed with high purity water, and subjected to drying at filtered to remove the carbon and diluted to specific volumes with
150°C again. nitric acid and water. For quality control, field blanks and reagent

The reference material for this study was 19.7 wt % Pt-Vulcan blanks were prepared and analyzed. Wavelengths for Pt and Fe de-
carbon from E-TEK, heretofore referred to as Pt-VC. The materialtection were selected based on detection sensitiVityetal-
was used as received. dependentand correlation coefficients>0.9999 of the elements’

The physical, morphological, and chemical attributes of catalystcalibration curves.
materials were ascertained by various methods. The water-content of The morphology of the catalysts was surveyed by scanning elec-
the Pt-FePO was estimated by simultaneous thermogravimetritron microscopy(SEM, Leo 1550 at 2 kV using a Shottky field



Journal of The Electrochemical Socigtys1 (12) A1989-A1998(2004

A1991

Table I. The chemical composition of the acid-washed Pt-FeF@OVC] and Pt-FePO catalyst materials as determined by ICP analysis.

Pt-FePQiVC] Pt-FePO
Element [wt % =+ 95%¢|] Molar ratio rel. Fe [wt % + 95%¢|] [1073 mol + 95%]
Pt 12.3+ 1.3 wt % 0.60+ 0.06% 9.5+ 1.0% 0.14+ 0.02%
Fe 59+ 0.6 wt % 1.00+ 0.10% 18.8+ 1.9% 1.0= 0.10%
P 8.1+ 0.8 wt% 2.48+ 0.24%
o) 23.7 wt % 11(+3H,0) *+ 1.6%
C 50 wt % 0wt %

emission gun(Gemini column. Energy dispersive spectroscopy constant, light air flow to create a smooth film that covered the
measurements were carried out on the same instrument at 20 k\éntire surface of the glassy carbon RDE tip. The thickness of the
The long-range structure of the materials was evaluated by powdeelectrode film was calculated from an estimated density to not ex-

X-ray diffraction (XRD; Bruker AXS, D8 Advance, Cu K radia-

ceed 10pm, even when taking into account 50% porosity. Thick

tion). The surface area and pore size distribution of the powder werdilm electrodes may suffer from diffusion limitation of the oxygen

determined by the Brunauer-Emmett-TellET) method under

gass?

N, /He, and the data were modeled using the Barret-Joyner-Halenda Half-cell measurements of the ORR were performed by rotating

(BJH) adsorption metho@Micromeritics ASAP 201R Prior to the

the catalyst-loaded RDE tip at 400 to 2500 rpm in 30 mL of 0.1 M

BET measurements, the powders were heated at 150°C undeédCIO, at 60°C. This method has been identified as an accurate

vacuum for 12 h.

means for establishing the ORR with minimal adverse effects from

The oxidation states of the Pt and Fe were determined both bythe anion adsorption or gas diffusishThe gas atmosphere in the

X-ray photoelectron spectroscoXPS, Fisons, monochromatic Al
Ka anode and X-ray absorption near edge spectroscO4NES).

cell was controlled by bubbling a constant gas flow of 100 mL
min~? of argon, air, hydrogen, oxygen, or CO through the electro-

For analysis in the XPS and electrochemical testing, the powderdyte solution. An EG&G PAR263A potentiostat with CoreWare soft-
were mixed with 50 wt % VC and a 0.1% Nafion solution, which ware was used to cycle the RDE at a scan rate of 5 m\frem the
was dropped onto a strip of carbon cloth and briefly dried in vacuumOCP of the RDE to 1.00 V and then between 1.00 and 0.05.\4
at room temperature prior to loading into the instrument. The influ- hydrogen-impregnated palladium beéed/H) reference electrode.
ence of the electrochemical tests on the oxidation states of the Pt antihe Pd/H electrode was corrected to a reversible hydrogen electrode
Fe were studied by first cycling the catalyst/carbon cloth electrode(RHE) by measuring the potential at which allPt cell exhibited
between 0.9 and 0.1 Vs. RHE for five cycles at 20 mV's under  zero current while cycling in a hydrogen-saturated 0.1 M HCHD
oxygen in 0.1 M HCIQ electrolyte at 60°C. The sample was then 60°C (typically about—25 mV vs.the Pt/H electrode The counter
removed from the electrochemical cell at open circuit potential electrode in all experiments was a Pt mesh. The current density was
(OCP,+0.85 V) and vacuum dried at room temperature before load- calculated using the geometric surface area of the glassy carbon
ing in the UHV chamber. The XPS spectra were fitted using the(0.196 cnf). The ORR activity was extracted from the difference in
Universal Spectrum Processing prograhThe backgrounds of the  the current response of the sweeps measured in argon and oxygen to
spectra were subtracted prior to the line fits. eliminate the contributions of any capacitive currents. The ORR
The XANES measurements were carried out on the Péedge current density was corrected for diffusion limitation to obtain the
on beamline X-11B at the National Synchrotron Light Source atkinetic current density using the equatidn
Brookhaven National Laboratory, using a(Hil) monochromator.
Materials were ground with boron nitride and pelletized before
mounting in a standard transmission setup with a Pt metal foil as a
reference. In addition, fluorescence was measured using Lytle detec-
tor placed at a 45° angle to the sample surface. Absorption and
El;%rgesc?géle:':cli_?ta g\cl)itr\/?/a?grre;;?:clj( ;gé.bgfgg&%]d 2gglprl)ol;rr:g§'ze\‘/jvherelkm is the kinetic current densityorg is the measured ORR

H,POH)s, K,PtCl,, and PtC} were measured as references. current density, andl,;,, is the limiting current. Herel;,, was the
For electrochemical characterization, the Pt-FePO was mixeoavera%e Val\%a Oé;hé ORR current density of ten values measured
with Vulcan carbon in two different ways. One method was to physi- around 0.3 Ws. )
cally mix equal weights of VC and the Pt-FePO catalyst powder
using a mortar and pestle; this mixture is referred to as Pt-FePO
+ VC. Alternatively, the VC was impregnated with Pt-FePO by Chemical and physical analysisThe TGA-DTA analysis is
adding the VC during the synthesis stage. In this case, approxishown in Fig. 1 for the Pt-FeHO/C] after heating at 80 and
mately 50 wt % VC was added to the iron nitrate solution described150°C. A small amount of weight<2%) is lost below 100°C due to
above, before the addition of the ammonium dihydrogen phosphatephysisorbed water. Between 100 and 200°C, the samples lose be-
The H,Pt(OH)q was first dissolved in 85% 40O, with sonication  tween 10 and 13 wt %, presumably due to the loss of chemisorbed
and heat, and added to the iron nitrate solution, and then the remair.e., structural water. Accordingly, the materials heated to 80 and
ing procedures were followed. This impregnated VC material is re-150°C both contain approximately 3,8 molecules per atom of Fe.
ferred to as Pt-FeHOVC]. Both samples exhibit the same endothermic peak with a maximum
The Pt-FePOt+ VC or Pt-FePQiVC] powders were prepared as at 165°C despite their dissimilar thermal history, which suggests that
inks for analysis on rotating disk electrodes using the method develthe 150°C heat-treatment does not affect the chemisorbed water sig-

lim - lorr

lim — lorr

(3]

i

Results

oped by Paulugt al3! Approximately 10 mg of the catalyst com-
posite was stirred and sonicatedl g of a nixture of 26 parts 18
M€ cm water, 7 parts isopropanol, and 67 paifta & wt % Nafion
solution. A small volum&3-6 pL) of the ink was pipetted onto the
glassy carbon tig5 mm in diameterof a RDE to obtain a loading
of 0.02 to 0.1 m@PH cm 2 The ink droplet was dried under a

nificantly and that the water in the structure can be exchanged re-
versibly. Note that in the absence of VC, the endotherm peak of
Pt-FePO powder is observed at slightly higher temperatiaresind
175°0, presumably due to its larger particle size. The weight loss
that occurs between 200 to 500°C can be attributed to the gradual
removal of protonated surface groups and structural oxygen.
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The results from the ICP analysis of the Pt-FePO and3
Pt-FePQiVC] materials are given in Table |. The Pt concentration &
of the catalysts is affected both by the amount of Pt added during%
synthesis and the acid-washing step. For example, Pt-FePO con'g
pounds synthesized with 2-5% Pt can hav&0% Pt after the acid £ 1 . . . . . . . .
washing step; the nonplatinized FePO is removed as an unstabl  10° 20° 30° 40° 50° B0° 70° 80° 90°
phase. Although the FePO dissolves immediately in 1.0 M phos- 20
phoric and sulfuric acid, it is more corrosion resistant with the in-
corporation of Pt The remaining acid-washed Pt-FgR@C] cata-
lyst contains a Pt, Fe, P, and O molar ratio 0.6:1:2.5:14. The
calculation of the molar ratios assumes that 50% of the initial
sample weight is carbon, and that the balance of unaccounted weight
is due to oxygen and a fraction of hydrogen. Also, 3 moles of the

oxygen are attributed as chemisorbed(hl as determined by the o values of 711.4 eV for Fé in FePQ heated to 550°% and 712
TGA-DTA analysis. The Pt and Fe contents of the Pt-FePO materlat0 713.5 eV for F&* and F&* in phosphate-rich iron glassé%'.l'he

without VC are also given in Table I. . Lo . ) +
- : peak in the Pt-FePO materials is tentatively assigned t6/Fe?”,
The morphology of the acid-washed powders Pt-FePO and Ptas the mixed valence iron state is suggested by structural sfiidies.

FePQIVC] is displayed by the SEM micrographs in Fig. 2A and B, he Fe-2p,, signal is unchanged by the electrochemical cycling of

respectively. The dried Pt-FePO comprises agglomerates of nanopaj-

ticles with some mesoscale pores. The size of the particle agglom-he electrode in oxygen, indicating no change in the Fe oxidation

erates is on the order of Am, after grinding with a mortar and states induced by the electrochemical cycle. The O 1s peak is ob-

. served near 532.2 eV, but is not considered further due to possible
Bgfttilflé;—hv?/i tEt_gizE?t/;]s n;?t:gsrlosx?%gtseﬁ/gglg r?sril(t)%s r?%sc'[er?;re:tee_ interference from the sulfonic groups in the Nafion ionomer used for
semble the particle size and distribution of the VC powder. Theelectrode preparation.

impregngted Pt-FePO is di_stributed homogeneously throqghout th%t-\t?:esg\(/veéiss fgfiigg coiaPt Ilirrlueth:n%aglzijz Zrlit??}zvg?n:jr;nﬁg. 4
VC particles, due to the high porosity of the VC. Scanning EDS gray 2 g

measurements confirm a uniform coverage of the Pt, Fe, and ©nergy of 71.3 eV and Pt-44, at 74.6 eV, which is consistent with
within 2 pm resolution. other reports on carbon-supported Pt-metal clustets. compari-

The Pt-FePO structure is amorphous to XRD after drying atSon. the Pt in Pt-FeP@ VC bears no resemblance to the Pt-VC
150°C as indicated by the XRD pattern shown in Fig. 3. The ab-both before(dashed black lineand after cyclingsolid black ling.
sence of long-range order suggests that no regular structure existehe Pt-FePOr VC samples have three apparent peaks which can
and that no metallic Pt clusters are formed during the preparatiorbe deconvoluted into two sets of overlapping PirA&nd Pt-4§),
procedure. Specific diffraction peaks are observed when the powdedloublets, each with the expected 3.3 eV separation. The binding
is heated to higher temperatur€d00°C for 20 . When Pt-FePO  energies of the two Pt-4f peaks are at 73.1 and 76.0 eV in the
powder that has not been acid washed is heated to 800°C, it haBt-FePO. The 4§, peak at 73.1 eV is attributed to®t The binding
distinct Pt and FePPphases. If the Pt-FePO is acid-washed and energy is consistent with the values between 72.2 and 73.4 eV re-
then heated to 800°C, there are peaks from Pt crystallites, plus aported for the Pt-O and RDH), scales that form on Pt metal in
unidentified phase, presumably danidentified iron phosphate nitric acid and under electrochemical treatm&nt’ The second
structure. 41, peak at 76.0 eV is attributed to“Pt even though the binding

Structural information has been obtained for the 150°C-heate%nergy exceeds 74.4 eV, the reported value forznghese Fffr
Pt-FePO powdertbefore acid washingvia the pair density function  species may have a higher binding energy in association with phos-
(PDP analysis of high energy X-ray diffraction. This study indi- phate groups, due to an increase in the bond ionicity, or different
cated local or_der reminiscent of anquartz phasé* These experi- atomic environment as occurs for iron phosph@e in FgOs has a
ments are being repeated for the acid-washed Pt-FePO. Thereforginding energy of 710.7 eV, while Fe in FepBas a binding energy
although conventional powder ?(RD indicates an amorphou; StruCo¢ 711.4 eVP9). The ratio of Pt: Pt peak area is approximately
ture, an ordered Iocal_ or medium range strgct(tce 0.5 nrr_) IS 40:60 before cycling and 55:45 after cycling, indicating some reduc-
likely. Thg PDF a}nal_y3|s of these materials will be the subject of Ation of the Pt* to PE*. However, the results clearly show that no Pt
forthcoming publication. metal is present or forms during the electrochemical cycling of the

The surface area and pore-size distribution are given in Table Il f h
3 . o Pi-FePO electrodes. The exact state of the platinum during the ORR
for two FePO-based materials that have been heated to 150°C, FePr action is still unknown, because these UHV experiments are in-

croporous and exhibits a surface area of 130T, This material | TETenUyex situ A future experiment is planned for e si n-
could not be characterized after acid-washing, because FePO is ng stigation of the oxidation states of these electrodes using X-ray
stable in acid without Pt. The FePO maintains its high surface are Sorption Spectroscopy.

with incorporation of Pti.e., 131 nf g™ %), although the micropores
decrease in size from 3.9 t02 nm. The acid washing procedure has

a significant impact on the Pt-FePO structure, as it decreases the
BET surface area to 56 ZrTg_l and introduces a bimodal pore size Table Il. The BET surface area and the average pore size are
distribution with both peaks centered arous@ and 11 nm. The listed for FePO and the acid-washed 9.5 wt % Pt-FePO.
BET surface area of the Pt-FeH@C] compound cannot be mea- BET

Figure 3. The XRD plot shows that the structure of 9.5 wt % Pt-FePO has
no long-range structural order after heat-treatment at 150°C and the acid
wash procedure.

. Average
sured accurately, due to interference from the VC. surface area pore size
XPS analysis of the Pt-FeP® VC catalyst material before and Catalyst material [m?g1 [nm]

after electrochemical cycling is compared to that of the standard
Pt-VC catalyst. The Pt-FeP@® VC before and after cycling has a gesp\,?t % PLEEPO 564 - 13?1 22033 04 :’;26{; dofffl
Fe-2p, peak at 712.9= 0.7 eV (not shown, which is comparable (6orrectgd for 4= 04623+ 0.4)

Pt content

“In phosphoric acid slow re-precipitation occurs of crystalline K&dy), Ao ) o
- 2H,0. Although this pink powder is stable under fuel cell conditions, it is not fea- Bimodal pore size distribution.
sible as a catalyst because it exhibits a low surface area and inferior ORR performance.
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Figure 4. The Pt-4f XPS spectra are shown for Pt-iron phosphate before 11540 11560 11580 11600 11620 11640
(dashed black lineand after electrochemical cyclingolid black ling in
oxygen and compared to Pt-V@ray solid ling. All spectra are scaled Photoelectron Energy [eV]

relative to their maximum count. The peak locations indicate that the Pt is

metallic on Pt-VC, while it is oxidized in the Pt-FeP© VC. Peak fitting Figure 5. The plot shows the normalized XANES spectra of the acid-

shows a Pt":Pt*" ratio of 40:60 in the as-prepared electrode and 55:45 after washed Pt-FePO catalyst and the Pt-VC standard. Theg Bbsorption edge

electrochemical cycling. in Pt-FePO is shifted by-2.7 eVvs. Pt metal foil, which is indicative of an
oxide.

Results from theex situ XANES experiment clearly show the
ionic character of Pt in the Pt-FePO catalyst. Figure 5 presents th@ctivation/deactivation process is inherent to the FePO. This process
Pt-L; edge spectra of the acid-washed Pt-FePO catalyst materigk observed for all FePO-based electrodes at approximately the same
(black ling and the Pt-VC standar@ray line. The plotted data and  potentials, even in the absence of VC. Furthermore, the integrated
comparison to standards indicate that the Pt in the FePO is oxidizegalue of the peak, or the number of electrons involved in the acti-
as evidenced by the suppression of the white line in the Pt-FePO. vation (e.g, chargg, is equivalent to the moles of Fe in the RDE.
The activation process of the FePO is likely due to a transformation
of the oxygen species associated with the FePO, as discussed below.

Once the Pt-FePG- VC electrode is activated, significant ORR
activity is measured below 1.03 V in oxygen and air. The ORR

Electrochemical characterizatior-The cyclic voltammetry of
FePO+ VC (no Pt and not acid-washg@ shown in Fig. 6 under
argon (dotted ling and oxygen(solid line) during continuous cy-
cling. During the first cathodic sweep in argdar oxygen, the
FePO+ VC electrode has a single large reduction peak at 0.65 V
that is designated the activation peak. No remarkable features are
observed during further cycling under argéaotted ling. Under e
oxygen, a reductive current is measured which, as expected for thr 0.0 4
ORR, increases with the RDE rotation rate, as shown in Fig. 6 for
400 rpm (thin solid line and 1600 rpm(thick solid line. In each —
sweep under oxygen, two current regimes can be distinguished Witt'g 0.5 1
different slopes, the first between 0.9 and 0.3 V and the seconc<
between 0.3 and 0.05 Vs.RHE. The different reaction rates could
indicate different oxygen reduction reaction pathways exist on
FePO, but this hypothesis has not been investigated. The FePO su
port material has insufficient activity to act as a fuel cell catalyst,
because the ORR current does not even reach the oxygen diffusio g
limit. )

The activation of the FePO is also observed for Pt-FePUC 2.0 1
at 0.41 V upon the first cathodic sweep in arg@tig. 79. The ,
activation peak is also observed upon the first sweep in oxygen, witt 1600 rpm e
the maximum of the activation peak followed directly by the onset 2> - *— r T
of the ORR activity. A corresponding de-activation peak is observed 0b 02 Quet 06 0.6 1.8
at 1.6 V during extended anodic cycling to 1.7 (¥ig. 7b), and Potential vs RHE [V]
oxygen evolution is observed above 1.8 V. Once the RDE is swept ) ) o

igure 6. Cyclic voltammograms show the electrochemical activity of the

Catr\]/oglc again to .0'1 Vb Zu&se%u:gt r??f“vaﬁ'oﬁ of th? Pt-hFePC'f_ePO support in the absence of Pt. A typical activation peak is observed only
+ occurs again at 0. S. , although the catalyst has during the first cycle in argordotted ling. The observed current density in

lower ORR activity than before it was deactivated at 1.6 V. If the oxygen atmosphere shows minor dependency on the RDE rotation rate and is
RDE is only swept between 1.8 and 0.6 V and not reactivated, nolotted here for 400 rprithin solid line and 1600 rpnithick solid ling. Al

ORR activity is observed, but oxygen evolution is measured still Cvs are carried out in 30 mL of 0.1 M HCl(at 60°C with a scan rate of 5
above 1.8 V. By comparison with Fig. 5, it is clear that the mv s

400 rpm
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_ ,I . _ Figure 7. Cycl It g h
e | Argon Argon ~'£Ie-activatio;7"~ e the electrochemical  behavior of
2l g 43 Pt-FePO+ VC (0.1 mgPY cm™?) dur-
£ - 5 £ ing cycling in argon(dotted ling, air
2 L 2 2 (dashed ling hydrogen (long dashed
5 2 ) - S line), and oxygen(solid line). A catalyst
=  activation ® S | o2 activation peak is observed during the
8 41 H 2 first cycle in argon. The corresponding
3 Oxygen 3 deactivation peak is observed when the

5 L e F -2 cycling range is extended to 1.9 ¥&.

A RHE in Fig. 7b(note different current
a extended cycling bl scalg.
-8 T T T T — | T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.4 1.6 1.8

Potential vs RHE [V]

performance is reproducible for different electrodes and does nokt 0.65 V for the Pt-VC electrode is not detected for the Pt-FePO
degrade with time or cycle numbel00 cycles. The RDEs are | yC. Unlike the case with Pt-VC, there is no evidence of any
swept at a low scan rat6 mV s ) to minimize the hysteresis  a4sorhed CO on the Pt-FePOVC after the cell has been flushed
caused by the high electrochemical capacitance of the electrodgyiy, argon for 15 min(black dotted line in Fig. B Such CO poi-
Faster scan rates shift the cathodic current curve to higher potential§0ning and subsequent stripping experiments are commonly per-
and skew the results to an overestimation of the catalyst perforgomed to estimate the effective surface area of catalysts containing
mance. o ) o Pt metaf*! However, the CO adsorption characteristics of Pt metal
Pt-FePO+ VC electrodes also exhibit catalytic activity toward cannot be used for comparison of the electrodes, because this tech-
the HOR, as shown by the cycling characteristics of the RDE inpiq e provides no information on the active Pt sites in Pt-FePO
hydrogen(Fig. 7a, long dashed lineThere is no electrochemical , "y/c These electrochemical results for both hydrogen and CO

evidence - of hyd“.’ger_‘ a(_js_orption_ or desorption peaks_ on thE‘adsorption are in agreement with the XPS measurements that show
Pt-FePO+ VC, which is distinctly different from the behavior of PP exists in the phosphate-based catalysts

33 . . (0]
P1-VC The peaks remain absent even when the RDE is cycled af The ORR activity of Pt-FePO catalysts is improved further when

; 40
hlgher scan rates up to 500 mV's*® The lack of hydmg‘?” %dsorp' the Vulcan carbon is impregnated with the catalyst during synthesis.
tion and desorption peaks does not allow the quantification of th he cyclic voltammetry of a Pt-FeRD/C] RDE is shown in Fig. 9

effective Pt surface area, as is customary for metallic Pt-base : ) .
3 ; ' e nder argoridotted ling and under oxygen at different rotation rates
catalysts’> We did not evaluate the activity of the catalyst for HOR, solid lines. The current response in argon is independent of the

due to concerns about the stability of Pt-FePO under hydrogen DE rotation rate and serves as a reference. Under oxygen, the

low potentials. Pt-FePQiVC] response is similar to that of Pt-VC. The RDE rota-

The electrochemical behavior of Pt-FeROVC in a CO atmo- . - A
. . tion rate has the expected influence on the diffusion-limited current
sphere differs from that of Pt-V(Fig. 8. The Pt-FePGr VC RDE and thus the ORR rate, which is shown by the Levich-Koutechski

shows comparable activity for CO oxidatidhlack solid line, but plot in Fig. 10. In this graph, the inverse of the ORR current densi-

exhibits a higher ignition potential than observed for metallic Pt on ties. taken from the anodic scan at the indicated :
o ! e , potentials, are plot-
Pt-VC (gray solid ling. Also, the typical CO stripping peak located ted as a function of the inverse of the square of the rotation velocity.

3
Pt-VC Pt - FePO+VC
CO adsorption 01
24 —_—
§ R
g ;
£ < 2
2 £ Oxygen 400 rpm
7 1] =
o) ‘@
= 5 900 rpm
o 0 4
3 0 1 5 1600 rpm
= 3 (
: 6 1 2500 rpm
-1 T T T T l
0.0 0.2 0.4 0.6 0.8 1.0 T T T T T
Potential vs RHE [V] 0.0 0.2 0.4 0.6 0.8 1.0

Potential vs RHE [V]
Figure 8. The CO adsorption characteristics of Pt-FefPO/C (thick solid
line) are compared to those of Pt-V(hin solid line during continuous  Figure 9. The ORR currents of Pt-FePQ/C] [0.1 mgPH cm ?] are re-
cycling in CO. In contrast to Pt-VC, the Pt-FePOVC catalyst does not  corded at the RDE rotation rates of 400 to 2500 rpm in oxy@elid lines.
exhibit a specific CO adsorption peak. No traces of CO could be detectedrhe electrochemical behavior is independent of the RDE rotation rate in
after flushing the cell with argon for 15 milotted ling. argon(dotted line.
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£ : A 0.6V Figure 11. Tafel plot showing the ORR performance of a Pt-FERT]
- electrode[0.1 mgPt) cm™2, thick solid ling vs. a Pt-VC electrode is in-
v 05V cludedi(thin solid ling. The kinetic current densityl ¢,) has been plotted for
0.0 both data setédotted line$; the values indicate at 0.95 V quantify the cata-
: ' ' ! lyst activity and are listed in Table I together with the corresponding Tafel
0.00 0.05 0.10 0.15 slopes.

o 172 [rad.s 1] 1/2
ingful comparison, all electrodes are prepared identically and have
Figure 10. Levich-Koutechski plot derived from the data shown in Fig. 9. similar limiting current densitiege.g, —5.2 mA cm 2 at 1600 rpm
The inverse current density is plotted as a function of the inverse square rochnd 0.3 V.
of the angular RDE velocity for the indicated cell potentials. The data points  The FePO appears to have additional benefits compared to plati-

have been fitted to a linear trend line. Under diffusion-limiting conditions e : ;
(=0.7 V) the line intercepts the origin, indicating that the oxygen diffusion nﬂn at low Cgrrent densities and high potentigisl.0 V and 5 A
resistance of the electrode film is insignificant. g (PY]. In this range, the Tafel slope of the Pt-F¢PCC] elec-

trode shows an unusual increase, suggesting a performance im-
provement in the margin of ORR activifrig. 11). The origin of
this reproducible phenomenon is clear from the enlarged CV plots of
Linear trends can be fitted through the data associated with eacthe Pt-FeP@VC] shown in Fig. 12 for argor(dotted ling, air
half-cell potential, verifying that the ORR is proportional to the (dashed ling and oxyger(solid line). The half-wave potentials are
supply of oxygen from the electrolyte to the RDE, as predicted fromindicated on the anodic scans as references. Unlike for the Pt-VC,
the Levich modef*33 The 0.5, 0.6, and 0.7 V lines intercept the the CVs recorded in argon and oxygen for the Pt-Heé®Q] do not
origin of the plot, confirming that the internal resistance of the RDEsoverlap at 1.03 V. Experiments show the baseline of the Pt-FePO
is insignificant compared to the transport resistance in the electrocatalyst tends to shifts downward in the presence of oxygen. This
lyte. Similar Levich-Koutechski plots have been derived for baseline shift translates to the increased slope in the Tafel plot, as
Pt-FePO+ VC and Pt-VC RDEs, and these also show linear trendspreviously indicated. However, the cause of this shift is as yet un-
intercepting the origin. explained. Note that the CV recorded in air overlaps the one mea-
Figure 11 shows a Tafel plot derived from the CVs of the sured in oxygen at high potentials, a property also not observed for
Pt-FePQiVC] (thick solid line and Pt-VC electrodegthin solid Pt-VC3! Characteristic differences appear in the ORR properties of
line) that compares the electrochemical ORR performance of thethe Pt-FePO and the Pt-VC catalyst, when their performance at vari-
catalysts at high cell potentiale.g, low overpotential and minimal ~ Ous potentials is studied as a function of the oxygen concentration in
oxygen diffusion resistangeThe ORR current has been normalized the solution. . ) o .
to the Pt-loading of 0.1 m@? cm 2 to obtain the current density A new graph, which we refer to as a Tulip plot, is introduced in
per gram of Pt. To compensate for the influence of diffusion at low Fig. 13 to compare the ORR activity of the Pt-FePO catalyst in
overpotential, a correction is applied to the measured currenfil Vs. oxygen. The relative ORR activity in aifi.e, ratio
densitie§ and the resulting kinetic current densities are plotted in the ORRyi//ORRyyqen i plotted as a function of potential for
same graplidotted line$. The Pt-FePQVC] exhibits a Tafel slope  Pt-FePQiVC] (closed trianglesand Pt-VC(open triangles The
of —74.2 mV dec! when fitted to the kinetic current density of the ORR current densities in air and oxygen are taken from Tafel plots
catalysts between 5 and 50 A1{Pt), while the Pt-VC shows a
slope of —69.8 mV dec’. The Pt-FeP{VC] catalyst exhibits
higher ORR activity than the Pt-VC catalyst at all potentials. The
activity is quantified at 0.95 V, and the value for the kinetic current
density is listed in Table Ill, together with the Tafel slopes for the
Pt-FePQiVC], Pt-FePO+ VC, and Pt-VC electrodes, and shows
that the Pt-FePPVC] exhibits superior ORR activity. For mean- I inetic at
Pt loading 0.95 Vvs.RHE Tafel slope
Catalyst material [pg(Pt-cm 2] [A-gPY Y [mV-dec!]

Table Ill. Catalyst activities of three types of electrodes quanti-
fied by the kinetic ORR current density measured at 0.95 Ws.
RHE and listed together with the corresponding Tafel slopes.

°The Pt-FeEPQVC] electrode contains approximately 12%-Pt38% FePO
+ 50% VC and the standard is 20% PtVC; we assume that both materials are 50% .
porous, so the electrodes should be similar in thickness. Note that the thickness of the Pt-FePQiVC] 98 * 3 205= 12 742+ 02
electrodes has an impact on the values measured and thinner electrodes may appear Pt-FePO+ VC 99 = 4 94+ 04 —69.6 = 05
more active per unit Pt than thicker electrodes due to decreased diffusion resistance. ~ Pt-VC 100 = 3 143 £ 0.7 —-69.8 = 0.8
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Figure 12. Enlarged cyclic voltammograms showing the onset of the ORR H*le H*l e

activity of the Pt-FePQVC] electrode in argoridotted ling, air (dashed
line), and oxygen(solid line). The arrows specify the scan direction during
cycling and the half-wave potentials are indicated as a reference.

1 *
- Fe-OOH
that are not corrected for diffusion. Below 0.85 V, both ®) !

Pt'.Fqu?' VC] and Pt-VC electrc_)des experience the same diffusion Figure 14. Schematic representation of the basic steps in the ORR mecha-
limitation, when the ORR rate is solely dependent on the oxygenyism in acid solution on a metallic Pt cataly6i) and on the Pt-FePO
supply through the electrolyte; here, the QRRORR, 4, ratio is catalyst(B). The stable intermediate hydroperoxide complex is indicated
equivalent to the oxygen concentration in the electrolyte, or 20%. with an asterisk, while the unstable transition state is bracketed.

The (ORR;/ORR,qe) ratio increases above 0.85 {é.g,
lower overpotentialsfor both catalysts. Apparently, both electrodes
experience a higher oxygen concentration at the electrode surface,
possibly due to adsorption of oxygen from the electrot}/te. Oxygen
adsorption is reported on metallic Pt surfaces>@t85 V*?*3 For
Pt-VC, the ORR ratio decreases from a maximum of 28% at 0.95V The RDE measurements indicate that the Pt-FePO is unique
to 0% at 1.01 V. In contrast, the ORR ratio of the Pt-FERQ] among state-of-the-art Pt-VC catalysts and is more efficient for the
increases from 36 to 100% between 0.95 and 1.03 V. The enhance@RR. Despite the ionic Pt/Pt* states in the phosphate catalysts,
activity of the Pt-FePO electrodes in air suggests that the catalysPt-FePQiVC] electrodes have increased ORR activity compared to
maintains its high ORR rate capability under reduced oxygen con-20 wt % Pt-VC electrodes of similar Pt loading under oxygen. The
centrations at low overpotentials, presumably due to the adsorptiommprovement of the ORR performance of the Pt-FePO appears more
of oxygen on the active FePO support materral. pronounced under air at high potentidksg, low overpotential,
which may be due to the preferential oxygen adsorption on the iron
phosphate. Unlike Pt-VC, the Pt-FePO catalysts show no hydrogen
and CO gas adsorption characteristics and perhaps are less sensitive
Pt-FePO[/C] A to poisoning.

Lot In the Pt-VC catalysts, oxygen reduction occurs on metallic Pt
surfaces through dissociative adsorptfohgeneral equation for the
ORR mechanism is shown in Fig. 14A. Molecular oxygen is ad-
sorbed to the catalyst surface in the first reaction stepTke oxy-
gen is most likely to form a bridged structure on metallic platinum
surface, as it binds preferably to two adjacent metal attfrihe
O-0 bond length of the adsorbed oxygen in the intermediate state, in
dicated with* in Fig. 14A, is determined by distance between the
adsorption sites. Therefore the lattice structure influences the energy
barrier associated with transformation to the transition $&iep k)
and sequential reduction of oxygéstep k) and thus controls the
ORR rate. For example, an alloyed Pt-Fe site exhibits a higher oxy-

. . . gen dissociation rate than a Pt-Pt site, due to a stretched and thus
0% 20% 40% 60% 80% 100% weaker O-O bond® The oxygen dissociation rate on metallic Pt is
highest at the step edges of(Fil) surfaces, where calculations
oxygen) show the enhanced reactivity is caused by increased stabilization of
) i i - ) . the bridged oxygen and its intermediate adsorption state in the nook
E|gur§3 13: This Tulip plot demonstrates the (_jlstlnct dn‘_fererjce in ORR ac- between the plane and the rise of the %Another process that
g\ﬂt\)//(:lneﬁtel;tr\:)%ecg(gg:g tkr)iztr‘]’v?:;vmﬁ ggﬁngﬂo;Z?#dstg?”ogP m"f‘g?t;j influences the activation energy of the ORR is the significant solvent
b 9 9 i (e.g, wate) reorganization involved with the transition of the inter-

cm 2 The relative ORR rate in ainormalized to ORR rate in oxyggiis ; L . A7
plotted as a function of the potential. Based on the oxygen concentration ifn€diate oxygen molecule during its reduction to wate@verall,

air, the expected ORR ratio is around 20% but deviates at low currents wheréhe oxygen dissociation procegsummarized here as step)kis
the catalyst and/or adsorption effects become influential. considered the rate-limiting step in this ORR mechanism. Once the

Discussion
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0-0 is broken, protonation to water is extremely rafstep k) in ecules, as is the case for the previously discussed Pt-VC electrodes.
acid solutiong'® Apparently the Pt itself can remain in the oxidized state, while the
The ORR mechanism on the Pt-FePO catalyst is inherently dif-Pt-site is supplied by the oxygen absorbed on the FePO structure.
ferent from the process on Pt-VC as it has no metallic Pt. TRe pt 1hese data also suggest that other non-Pt ions may be substituted
and Pt cations of the Pt-FePO must be surrounded by anions, an nto the FePO to dissociate the peroxide complex. In summary, this

they likely exist as platinum hydroxide or peroxide complexes ir;Ranoesthh&;quvifhomgirtlw?ghtr(]:;g(ljyﬁ:ngac%ﬁ/ig (c))fxylloggen storage on the
[Pt(O4H,)] or as phosphates. The lack of Pt metal and therefore lack At this point it is not yet clear if the Pt-catalyzed HOR and CO

of adjacent Pt sites, implies .that bridged oxygen adsorption.canno&xidation follow the same mechanism on the Pt-FePO catalyst as on
occur on the Pt-FePO. Possibly, the oxygen molecule can bind to e PtVC. Our data suggest that the hydrogen and CO are not

single Pt atom, provided it is not sterically hindered by the coordi- <0 bad on the FePO support structure like oxvaen. Assuming that
nating species, but the cycling experiments have shown that the B pp ygen. 9

N . . S ﬁydrogen and CO molecules are directly oxidized on the Pt site
site itself cannot engage oxygen reduction prior to activation of the, i1t interference from the FePO support, the high HOR rate

FePO. This suggests that FePO support is actively involved in they gqests that the Pt site remains readily accessible to gasses from
ORR mechanism, presumably through adsorption and/or stabilizaghe electrolyte solution, despite its oxidized state. The high Pt ac-

tion of the oxygen on the catalyst. cessibility also implies a large effective Pt surface area and appears

Iron phosphate is reported to contain active oxygen species thafy contradict the absence of typical hydrogen or CO adsorption char-

are created through dissociative adsorption of oxygen from the atyieristics. For instance, the Pt-FeROVC electrode shows strong
mosphere or from the bulk lattice to form iron h

; \ ydroperoxide COM- 4oR activity during rapid cycling in hydrogen, but does not show
plexes, or Fe-O-OH? The hydroperoxide complexes are also iden- gyigence of hydrogen peaks even at scan rates up to 500 hVts
tified a3 5tlhe catalytically active component in peroxidase can pe argued that hydrogen and CO species do not adsorb as
enzymes? The formation of hydroperoxides is enabled by elec- strongly on oxidized Pt as they would on a metallic Pt surface, but
trons from the iron redox couple and the surrounding phosphatgne activated FePO support could assist in the rapid oxidation of
groups that function as proton donor/acceptor siteg, Lewis ac- these chemisorbed species on the Pt site through its available supply
ids). Hydroperoxide complexes are stable at room temperature; theyf stored oxygen. For example, increased CO oxidation activity is
breakdown of the peroxides with release of @nd return to the  ghserved on a metallic Pt-alumina catalyst promoted with iron ox-
initial iron state is sluggisﬁ? which is consistent with the observed ide, as this iron oxide provides oxygen to the CO adsorbed on the
need for 1.5 V to electrochemical deactivate the iron phosphate$t |f the rate of adsorption and subsequent oxidation is increased
(Fig. 7b. Due to their structural stability, the iron hydroperoxide beyond the timescale of the measurement, the active catalyst sites on
complexes are not chemically aggressive like peroxide in the soluthe Pt-FePO will appear unoccupied and the typical hydrogen and
tion phase (HOy). CO adsorption/desorption peaks are not observed. Whether the
The process of iron hydroperoxide formation is the likely origin chemisorption of hydrogen or CO occurs quickly or not at all, the
of the broad reduction or so-called activation peak seen in the firsactive Pt sites are not continuously blocked by reactant species. The
cathodic sweep of the electrode. T sity XPS data indicate that  site availability provided by the nature of the Pt-FePO catalyst could
the Pt and Fe do not change oxidation states during the electrobenefit the Pt efficiency and prevent poisoning.
chemical activation process. Therefore, it is assumed that the acti- The ORR activity of the Pt-FePO catalyst may be improved fur-
vation mechanism involves a change in the iron coordination fromther by materials engineering. Targets for optimization are the cata-
oxygen to peroxide. Apparently, the second oxygen atom in the hydyst particle size and the intrinsic material properties. Reducing the
droperoxide group can be drawn from the FePO lattice itself, sinceparticle size of the catalysts will increase the surface area and ben-
the activation process appears uninfluenced by the gas atmospherfit the electronic conductivity of the electrode, as each particle will
Possibly structural water is converted to hydrogen peroxide, throughhave more contact with the carbon phase. Doping the Pt-FePO with
the addition of a proton and an electron, which then forms the stableother cations could increase catalytic actifftand may benefit its
iron hydroperoxide complex and activates the ORR capability of thelong-term chemical stability as well. Preliminary experiments have
Pt-FePO catalyst. Charge balance may be achieved through the foshown the fuel cell feasibility of a symmetrical Pt-FePO MEA op-
mation or consumption of vacancies. erating on hydrogen and oxygen, although long-term exposure to
A basic ORR mechanism is proposed for the activated Pt-FePGwydrogen does lead to catalyst reduction and appearance of metallic
catalyst. The schematic representation is shown in Fig. 14B. WePt. We are also exploring alternative catalyst support materials,
hypothesize that oxygen is adsorbed on the iron and, with the reducwhich also have high stability and the capability to store oxygen,
tion of a proton, a hydroperoxide complex is formed in the presencesuch as hydrous SpQ TaPQ and NbPQ,3* that do not have the
of water. This stable intermediate state can be reduced througlpossible deleterious effects of trace iron on a Nafion membrane.
proton-assisted heterolysis of the O-O bond to produce water. The
remaining Fe-O group needs one electron to compensate its positive

charge. However, the now neutral Fé-€@mplex is unstable in this Conclusions
environment. In order to ach!eve f_uII coordlna'_[lon, the_oxygen en-  The efficiency of Pt as ORR catalyst is enhanced by its incorpo-
gages another bond with either irdtemporarily creating F& ration into an amorphous hydrous iron phosphate. The ORR activity

= 0), with water(reverse reactignor with another oxygen mol-  of Pt-FePQiVC] electrodes at 0.95 V is 20.5 ARH L, compared
ecule from the atomsphere. The reaction of Fea@h both water  to 14.3 APt~ ' measured for a Pt-VC electrodes with a loading of
and oxygen leads to a stable intermediate state, but only through.1 mgPt cm 2. The improved performance of Pt-FePO catalysts is
reduction of oxygen does the catalytic cycle come full circle and attributed to an alternative ORR mechanism that actively involves
produce a net current flow.e., the ORR current In retrospect, the  the FePO support structure. The oxygen is first adsorbed in the form
initial activation of the Pt-FePO catalyst is required to create eitherof iron-hydroperoxide complexes, which are then rapidly reduced to
of these active oxygen complexes and establish this cyclic ORRwater in the presence of Pt. The oxygen storage capability of the
mechanism. FePO benefits the ORR activity particularly at low oxygen concen-
The role of the Pt in this model would be to boost the dissocia-trations in air. No metallic Pt is present on the ORR-active Pt-FePO
tion rate of the(stablg intermediate iron peroxide complex. This catalyst. No hydrogen or CO adsorption characteristics could be
enhancement would increase the oxygen turnover frequency on thdetected, which suggests the ionic form of Pt on the Pt-FePO cata-
active catalyst sites and thus increase the overall ORR current. Noth/st exhibits lower sensitivity to poisoning than metallic Pt-based
that according to this ORR mechanism, the presence of neighboringatalysts. Although the practical and long-term use of the Pt-FePO
(metallig) Pt sites is not required for the adsorption of oxygen mol- materials in PEMFCs must still be proven, these active catalysts
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may point to new research directions for low-Pt ORR electrodes,21.

away from the current stalemate in the application of Pt-VC 22 > ; )
23. J. M. Campelo, M. S. Climent, J. M. Marinas, A. A. Romero, J. A. Navio, and M.

electrodes.
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