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We report a two- to threefold enhancement of CO tolerance in a proton exchange membrane (PEM) fuel cell, exhibited by carbon
supported nanocrystalline PtMo/C as compared to the current state of the art PtRu/C electrocatalysts. The bulk of these nanocry
tals were comprised of Pt alloyed with Mo in the ratio 8.7:1.3 as shown by both X-ray diffraction and in situ extendedotpay ab

tion fine structure measurements. Rotating disk electrode measurements and cyclic voltammetry in a PEM fuel cell indicate the
onset of CO oxidation at potentials as low as 0.1 V. Further, the oxidation of CO exhibits two distinct peaks, indicatirasdox b

ior involving oxyhydroxides of Mo. This is supported by in situ X-ray absorption near edge structure measurements at the Mo K

edge.
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CO tolerance in reformer-based low and medium temperaturgion, preliminary efforts to understand the role of Mo in these alloys
H,/O, proton exchange membrane fuel cells (PEMFC) is crucial forusing in situ X-ray absorption spectroscopy (XAS) are included.
the viability of this technology for applications in transportation and Experimental
portable power generation applications. The choice of an appropri-
ate anode electrocatalyst with low susceptibility to CO poisoningpt
and a high kinetic rate for hydrogen oxidation is therefore para-

mount. The most commonly used anode electrocatalyst, Pt/C, is su%A). The carbon black support was Vulcan XC-72. For comparison

ceptible to_poisoning by CO, Ieadlr]g. to high ove.rplotentlals.high surface area supported (Vulcan XC 72) Pt/C and PtRu/C (50
Alternate binary electrocatalysts containing a more oxidizable ele; tom % Ru) catalysts, each with a 20% loading, were also obtained
ment with a.b'.“.ty to activate ox ygenated species at lower potential rom E-TEK. The prep;aration of PtMo/C supporfed catalyst into the

and hence initiate CO oxidation on the surface with lower overpo- DE closely followed the method recently described by Schmidt et

tentials have been the focus of several decades of research. Prior [it-7"\ suspension of 2 mg of the PtMo/C in 1 mL oHZOH was

erature is replete with investigations on alloys such as ¥4Sn, . . :
PtRh3 PtRu4'gand Pt with oxyggen adsorbing a)(/jatoms such as Geredlsp_ersed ultrasonically _for 15 min, and therpl0(6 ug/PtM_o)
’ J as pipetted onto the polished surface of glassy carbon disk elec-

Sh, and Sh8etc. In recent years PtRu alloys have received renewe((i{v . . X ;
attention as promising candidates for CO oxidation in PEM fuel rode (0.283 c@) imbedded into a Pine Instruments interchangeable

cells9-11A recent report by Oetjen et Hindicates a fourfold per- arbor. After evaporation of alcohol at 354 K in a furnace under an

f - . rgon atmosphere (ca. 5 min), the electrode surface was covered
formance gnhancement wilh highly dispersed PtRu as compared %i?h 10,1 of Nafion 25% Soltion CHOH/H,0) and returned to the
t at 80°C wit concentrations up to ppm. Despite thes -
improvements the overpotential with CO concentrations of 100 ppr%urnace where the electrode was heated in an argon atmosphere at

i . - 4 K for ca. 10 min. The prepared electrode had a catalyst loading
%s?g?%%er;\e/n;p;elr%%rﬁzsuch as 85°C is substantial, resulting Mof ca. 6ug of PtMo alloy/cm, corresponding to a catalyst layer

. 15 : . 4
Recently, the electro-oxidation kinetics of,i€O, and an HCO thickness close to tm.1> The RDE was immersed in the solution

mixture were studied on smooth and well-characterized PtMo surEmder potential control at ca. 0.05 V. All potentials in this paper are

faces in 0.5 M HSO, at 60°C13.14 Grgur et al. proposed that the rcz‘:e;trsgato the reversible hydrogen electrode (RHE) at the same tem-
oxidation states of Mo surface atoms as well as the nature of Mo suP” The IIDtMo/C catalvst was characterized by X-rav diffraction
face oxides are determining factors in the electrocatalysis,&®, YRD vsis b y hods d ibed el H)éﬁé Thy |

and H/CO mixtures on these alloys. It was suggested that the oxy.( di ) a(;na ysis ly met cl)l_s f escribe egew bi ) f e re?‘u ts f
hydroxide state of Mo [predominantly as MoO(GQH$ reactive for indicated a single metallic face-centered cubic (fcc) phase for

et . ._.PtMo/C with a lattice constant of 0.391 + 0.005 nm. The surface
oxidative removal of CO, but this state can also reduce the avallabll-rea’ as determined from line broadening, was close t2&8 m

ity of adjacent Pt surface atoms for the dissociative adsorption of The electrolyte (0.5 M bSO, Baker Ultrex), prepared with

molecular hydroge#?.16 This work also indicated that a surface |, . o :
o, . triply pyrodistilled water was thermostated at 333 K, in a standard
- 0,
gg%‘gﬁ\fg'?gm%t/eﬁooiscgtgw d ﬁeMr%téviz l;jpsflc)nrq;trig n{g_rlgl?tewfste 0fthree-compartment electrochemical cell. The reference electrode
assumed that, unlike bulk alloys, there is no surface segregation Q Zsrgfzﬁgﬂggrgoﬁrgptﬁieerfc'}'rr?g%gﬂfllizusrggags t\zg”b gsapz?gg: from
Pt on the small PtMo/C particles. Accordingly, a 4:1 (Pt:Mo) and CO (6 N H, 4 N CO) wére purchased from Matheson'thezpuri-
PtMo/C catalyst was selected. W of the argon was 5N8 (Air Products). Data from the rotating disk

In this paper, we present measurements for el.ectro-OX|dat|on electrode setup was acquired using a Pine Instruments bipotentiostat
H,, CO, and H/CO mixtures on bimetallic PtMo-4:1 catalyst sup- interfaced with an IBM PC using Lab View for Windows.

ported on Vulcan carbon black (PtMo/C). First, we present kinetic X -

. . . . : ' -ray absorption spectroscopyXAS measurements were con-
measurements using a thin cata!yst layer in the rotating d'Sk.Cor.mgducted );t bean?line XF:{lA at th(f}l/\lational Synchrotron Light Source
uration (RDE) and, then, the cyclic voltammetry and the polarization NSLS), both at the Pt L gand Ly) and Mo K edges. Details of the
data for an anode in a proton exchange membrane fuel cell. In ad )eam line optics, monochromator and detuning, etc. are given else-

wherel8 Electrodes for XAS measurements were prepared accord-

ing to the methodology described elsewhérthe catalyst loading
on the electrode was ~10 mg of PtMo alloy?cAll electrodes were

PtMo/C supported catalyst in the RDE configuratiomhe
Mo/C bimetallic catalysts with a 30% loading, prepared by using
proprietary method, were obtained from E-TEK, Inc. (Natick,
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soaled in 1 M HCIQ for 48 h and wetted by aaguum procedure
prior to XAS &periments. Details of the spectroelectrochemical
cells, data acquisitionand X-ray absorption near edge structure
(XANES) and atended X-ray absorptiorine structure (EXAFS)
analysis are gen elsherel8-20

PEM fuel cell measements.-Anode electrodes were prepared
by a brushing/rolling technique d&loped in-houselhey were com-
prised of a carbon cloth substrate (E-TE}arbon Cloth)with a dif-
fusion layer ofTeflonized carbon [35 wt % polytetrafluoroglbne
(PTFE)] with arerage thickness of 3&m, which was presintered at
320°C underAr. The reaction layer as comprised of the catalyst
(0.4 mg/cn of Pt or Pt ally loading) + Naibn. The gas difusion
side of the electrode had a thinneffuifon layer of C/PTFE (30 wt

%) of ~15um thickness. Membrane electrode assemblies were madt

for anodes Pt/CPtRu/C,and PtMo/C while keping the cathode
electrode the same (Pt/E;TEK electrode.4 mg/cn Pt loading).
The Nafon loading [solubilized Né&bn (Aldrich Chemicals)] in the
reaction layer of the electrodessv~1.9 mg/chand the assembly
was made by hot pressing at 100¢/&m?, 140°C for 3 min.The
membrane ws Nafon 115 which vas cleaned by a procedure
described in detail eladere?!
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Figure 1. (Bottom) Cyclic voltammetry (1 mV/s) of the 4:1 PtMo/C high
surface area catalyst in the RDE configuration. (Top) Polarization curves of

the HOR on the 4:1 PtMo/C catalyst; in solution containing pure hydrogen

Steady-state polarization measurements on CO tolerance wefgl-)iin solution containing a mixture of 0.1% CQyKto-). (Top inset)

carried out in a fuel cell test station using a detufe for a 5 cri
membrane-electrode assembly whichwa#ld for both single and
half-cell polarization measuremenihe test station as luilt in-
house and had prisions for controlling temperaturgressure,
humidification,and flav (mass flev) of reactant gase¥he bipolar
plates made of carbon with resin imgmation (Poco graphite) had

Quasi-steady-state i-E curve for CO oxidation on the 4:1 PtMo/C catalyst.
(Bottom inset) Potentistatic transiei £ 0.05 V vs. RHE) on the Pt and 4:1
PtMo/C high surface area catalyst for oxidation ¢fGO mixture.

namically by using a relatly slov sweep rateg.g.,1 mV/s1.6.9In

corventional ribbed flw channels and the anode chamber had athe case of high swafe area catalystspwvever, the sweep rate of 1

built-in hydrogen reference electrode with separate filhannels

mV/s is not slar enough to bring the system to the steady-state con-

allowing for simultaneous half-cell measurements. Details of thedition. Therefore,to measure true asifies of supported catalysts

fuel cell test station and the single-cell tastufe are gien else-

for electro-oxidation of HCO mixtures (especially for partial pres-

where?1 Simultaneous measurements of single- and half-cell perforsure of CO less than 0.1 %Je kinetics were monitored under

mance were made at 85°@ith respectie anode/cathode pressures
and humidiication temperatures of 16/11 psig and 100/90°&@. F
H,/CO mixturespremixed gas glinders were used (Mathesdw)).
Cyclic wltammetry vas carried out using the same single-cell
setup at 55°CTo investicate catalyst belér with respect to the
CO oxidation procesgi, containing 100 ppm of CO ag passed

potentiostatic conditions. Inset (b) in Fig. 1wk set of potentio-
static data £ = 0.05V) for the electro-oxidation of 0.1% CO4H
mixture on pure Pt/C and PtMo/C high swoé area catalysts under
otherwise identical condition¥he pure Pt/C shus a relatiely fast
rate of poisoninge.g.,within 1200 s the hydrogen-oxygen reaction
(HOR) is completely inhibited due to poisoning of eetplatinum

through the electrode for at least 1 h while maintaining a constangites with CQq4 A much slaver rate of poisoning is obsen on the

potential (0.05V vs. RHE).At the same time pureyHrogen ves
passed through the counter electrode which alsedeas a RHE
reference electrodéfter passing the CO méd gasthe anode com-
partment were pged with N, for about 30 min to renve residual
H, gas and nonadsorbed CO.

Results and Discussion

H,, CO,and H,/CO electocatalysis on PtMo/C supported cata-
lyst.—Voltammetric prafes of 4:1 PtMo/C thin catalyst layer elec-
trode in 0.5 M HSO, along with the polarization cueg of both oxi-
dation of pure Hand 0.1% CO/K mixture are shon in Fig. 1.A
distinguishing characteristic in theltammetry of 4:1 PtMo/C high
surface area catalystas a Hyq region that is not well défed and
which overlaps with the pseudocapaeitfeature associated with the
oxidation/reduction of Mo atoms on the a.0é13-16As in the case
for Pt;;Mo,3 surface in the blk alloy catalyst!3.14the polarization
curve for the oxidation of pure jbn 4:1 PtMo/C high suskce area
catalyst is identical with that for pure P¥R&6(Fig. 1). Figure 1 also
shaws that the electro-oxidation reaction of éh 4:1 PtMo/C cata-
lyst is somevhat poisoned if solution contains 0.1% CQfHixture.
Inset (a) of Fig. 1 shws representate results for the oxidation of
pure CO on the 4:1 PtMo/C catalyShe polarization cur for the
continuous oxidation of CO diss@d in solution reealed an initial-
ly slow oxidation ratewhich bejins as lav as 0.1V, followed by rel-
atively fast kinetics at potentials pos#ito =0.25V. It is important
to note that the enhanced aityi of the PtMo surdce tovard the
electro-oxidation of CO is obsexd at a potential where a Mo(IV)
oxyhydroxide state is probably created on theamai#3.14

On solid lulk electrodesthe steady-state measurements for the

electro-oxidation of CO/K mixtures can be obtained potentiody-

PtMo/C allgy, i.e.,initially the rate of the reaction decreases sharply
but after ca. 3000 s a steady-state current for the HOR is etiserv
The approach to steady state requires that the rate of CO adsorption
(va9 and continuous CO oxidatiow,() be in equilibriumj.e.,vyq=

Vox Thereforejt is reasonable to suggest that at this electrode poten-
tial the high actiity of 4:1 PtMo/C ally for the oxidation of H/CO
mixtures arise due to the continuous oxidation of CO and subsequent
formation of bare platinum sites which are required for the dissocia-
tive adsorption of molecular 4

Figure 2 shass the gclic voltammograms for dispersed PtMo/C
and Pt/C in the PEM fuel cell at 55°C in absence and presence of
CO. Results for PtMo/C in absence of COwlesidence for both Pt
and Mo featuresalthough the Pt-|j},4region is not as well defed
as on the Pt/C or PtRu/C electrodesiowever, the Pt features are
evident from the peaks for hydrogen desorption for an electrode
polarized at 0.%/ (N, purge) for 1 h (not shen). In addition to this,
the woltammograms of PtMo/C stoa redox behaor at potentials
of 0.4V vs. RHE ivolving Mo in agreement with theclic voltam-
mogram from RDE (Fig. 1). Comparison with the Pourbaix dia-
gran?3 for Mo indicates that this redox betar is most lilely due
to Mo#* ~ Mo®* oxidation states. Repeated cycling between 0.05
and 1.2 V for 50 cycles showed no changes indicating minimal dis-
solution of Mo from these electrocatalysts.

Figure 2 shows a cyclic voltammogram that was taken on a
PtMo/C electrode in a PEM fuel cell, at 55°C, after the electrode was
previously subjected to a purge with/80 [100 ppm] for 1 h (elec-
trode polarized at 0.05 V), followed by & Hurge for 30 min to
remove residual KCO. The voltammogram shows two CO strip-
ping peaks, one at 0.45 V and the other at 0.65 V. In accordance with
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Figure 2. Cyclic wltammograms at 20 mV/s on PEM fuel cell anodes at
55°C (humidifcation temperatures 65/60°C foorking/counter) in a PEM
fuel cell (5 cm membrane electrode assembly); PtMo/C withphige (- - -)
and no contact with CO. Pt/C (- « - « -) and PtMo/C (—-) withaphige,
after the anode as contacted with CO (100 ppm)/Fér ca. 1 h at 0.0Y.
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Figure 3.XAS in 1 M HCIQ, shawing (a) XANES spectra at the P4 dge
for PtMo/C (- - -) and Pt/C (+) at 0.54and (b) XANES at the Mo K edge
for PtMo/C at 0.0 (——) and 0.54 (- -V) data for a Mo foil reference stan-
dard shovn for comparison (+).

cannot be completely remed and the suafte remains blo@d to a
large etent by adsorbed CO. Complete stripping can only be
achieved at a signi€antly higher eerpotential E > 0.55V and this
reaction taks place on Pt sites between the CO and PtTQel lat-

ter is apparent since the CO stripping peak for the PtMo/@ &llo
similar to that obserd on Pt/C (Fig. 2A more remote possibility

is that the presence of dvdistinct CO oxidation peaks is due to the
CO adsorption on both Pt and Mo atomspbably indicating the
presence of some phasgsgation. Detailed in situ XAS irestica-

tion of these electrocatalysts at Pt L and Mo K edges with and with-
out CO may praeide further insights into this issue.

In situ XAS esults at Pt L and Mo K edg—The ratio of Pt to Mo
atoms in the dispersed electrocatalyaswetermined from the edge
jumps at the Pt 4 (1.005) and Mo K (0.0972) edges using the
methodology described eilskeré® and indicated 87 atom % Pt.
Examination of the Pt-Pt phase correctedifier transforms at the
Pt L; edge EXAFS indicated aloformation in PtMo/C (not
shavn). The Pt 5 edge XANES at 0.5¥ (Fig. 3a) comparing Pt/C
with PtMo/C at 0.54/, in 1 M HCIO, shavs an increased white line
intensity for PtMo/C relatie to Pt/C.This indicates an increase in
the Pt 5 d-bandacancies in PtMo/C due to aliag. A significant
change in the Pt d-bandeancies is normallyxpected in the case
of formation of an allp as shan previously.18-20 Detailed analysis
of changes in the short-range atomic order and electronic structure
around Pt and Mo (in situ XAS analysis) as a function of potential
and CO adsorption will be described in detail in the falision of
this paper

The Mo K edge XANES spectra for PtMo/C in 1 M HGl& 0.0
and 0.54V show that some of the Mo is oxidized with the edge posi-
tions shifted positie to the Mo reference foil. Preliminary analysis
of the spectrum with kiven standards hva& shavn the spectra to be
close to an oxidation state of (+ 1V) at potentials asds 0.0/ (not
shovn) which is in agreement with XPS data reportedvipres-
ly.13.14This suggests the presence on the electrocatalysiceuof
some sort of a hydrated oxide close to Mo(@H)Comparison of
the spectra at 0.0 and 0.84hawvs a change in oxidation state (Fig.
3b), which corresponds to thgdic voltammograms (Fig. 2\hese
changes in the oxidation state wereersible. Furtherx@eriments
are in progress to determine the nature of these oxidation states at
these potentials by comparison with imostandards.

The CO toleance and activity in PEM fuel cellskigure 4 com-
pares the single-cell performance of P#RERu/C,and PtMo/C (0.4
mg/cn¥) as anode electrodes (cathoB&C,0.4 mg/cnd) in H,/CO
[100 ppm]/G at 85°C with the respeut anode/cathode pressures
of 16/11 psig and humiddation temperatures of 100/90°8s evi-
dent from the polarization beliar relative to the data for Pt/C
anode without COPtMo/C ehibits signifcantly higher CO toler-
ance than PtRu/C. Comparison of half-cell polarization (and the
overall single-cell performance) behar of these electrocatalysts in
H,/O, (without CO) shws neligible differences (not shn), indi-
cating that,as in the RDE xperiments,the hydrogen polarization
characteristics without CO are unchangedwkler, the polarization
characteristics of the anodes in the presence of CO,i(Fig. 4
inset) ehibits marled diferences. Comparison of current densities
at 50 and 100 mV using the polarization plot for hydrogen oxidation
in the presence of 100 ppm CO indicates-tte threefold enhance-
ment of anode electrode performance in going from PtRu/C (current
state of the art) to PtMo/C.

The polarization data from the PEM fuel ceAsmcompared with
the RDE datadrapolated from 0.1% CO4-mixture at 60°C (Fig.

1). The(Pco)Y2 data vas used together with the potential depen-
dent apparent awtition enegies preiously obsered on the solid
bulk alloy RDE assuming pure kinetic control for the HBRnd

the previous interpretation of the reaction mechanism for the electroextrapolation of current in direct proportion to the mass of cat#¥yst.

oxidation of CO on PtMo udk alloy,6 it is proposed that at o
overpotentialsE < 0.2V, the electro-oxidation of CO is consistent
with a LangmuirHinshellvood mechanism. Here the CO adsorbed
on Pt sites is oxidized by oxygenated specidsch are actiated at
the neighboring Mo atoms. In this potentiadiom preadsorbed CO

Figure 4 (inset) shwes that the projected polarization cern the

RDE confguration is in reasonable agreement with 4:1 PtMo/C
alloy catalyst in the PEM single cell. Detailed assessment of these
data as a function of catalyst compositiopgerating temperature,
and pressure will be presented in the faltsion of this paper
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Figure 4.Performance of a 5 c¢heell with H,/CO [100 ppm]//Q at 85°C,
Nafion 115 membraneespectie anode/cathode pressures of 16/11 sid|,
humidification tempeature of 100/90°C. Cathode elexde: Pt/C (0.4
mg/cn®). Anodes were Pt/CH]}, PtRu/C {A}, 4:1 PtMo/C {V}; data for
Pt/C (H/O,) {o} are shavn for comparison. InseCorresponding linear
polarization characteristics for the anodesashg the 4:1 PtMo/C polariza-
tion cune (- - -) projected from the RDEgeriments. Polarization measure-

ments were done galmostaticallyThe current was \aried manuallywith 30
S or more stabilization time for each point.

Conclusions

Results of this ivestigation point to enhancements in CO toler-
ance in PEM fuel cells with 4:1 PtMo/C which gha two- to three-
fold enhancement of aetly at low overpotentialscompared to the
current state of the art PtRu/C at 85°C with 100 ppm CO,in H
Cyclic woltammograms shw evidence of a redox coupleviolving
Mo located around 0.%. Voltammograms for CO stripping on
PtMo/C shev two distinct peaks indicating that both Pt and Mo are
active in the oxidatre removal of CO.The onset of the CO oxida-
tion occurs at ery low potentials (~100 mV) and corresponds to the
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the Pt I3 edge.The Mo K edge XANES spectra at 0/CGshow that
Mo is present as ayHrated oxide species with an approximate oxi- 23

dation state of (+1V)The Mo K edge XANES spectra pide direct
spectroscopic \edence of change in the oxidation state of Mo
between 0.0 and 0.54 confirming the results from theoltammao-
grams.
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