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Abstract

Significant reductions in total cost of ownership can be realised by engineering PEM fuel cells to
run on lowpurity hydrogen. One of the mailmawbackf low-purity hydrogen fuels is the carbon
monoxide fraction, which poisons platinum electrocatalysts reduces the power output below
useful levels. Platinurungsten oxide catalyst systems haveviously showrhigh levels of CO
tolerance in bothex situ andin situ investigations. In this work we explore the mechanism of
enhanced tolerance usiimgsitu electrochemicaattenuated total reflection infrareATR-IR) and
Raman spectroscopic methods, and investigasiaga mixture of Pt/C and W@ powderstherole

of the W/WV' redox couplén the oxidation of adsorbed CO
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1. Introduction

Governmentbacked adoption of hydrogen technology in countries such as Ghitieates that widespread
uptakeof fuel cell technology could be realised in the near futlitee challenges now faced by the fuel cell
community are teeduce costand ensure the lorgrm sustainability of the technology.

Given that the cost of platinum dominates tiverall cost otypical Polymer Electrolyte Membrane Fuel
Cell (PEMFQ stackproduction éstimated at49%at 500,00Qunits/year), it is widely accepted that reduction
or elimination of platinurrgroup metals (PGMSs) is the most direct method of significantly reducing the cost of
hardware, and significant progress has dneadditionofaade i n t
PGM-ree catalyst to their fuel cell portfolio Capital expenditure jsroweveronly one part of the lifetime cost
of fuel cells, and to bring fuel cell technology to the masses we must also consider opezapenditurethe
cost of fuel. Despite improvements to electrolyser technology, hydrogen production from veateently
comprises less than 10% of global producttpwith the vast majority being sourced from fossil fugéssteam
reformation.A fuel cellrunningon hydrogen derived frorhe latter representa usefulstopgap measure while
electrolyser capacity is increaseast may become a more sustainable solution in the context of carbon capture,
utilisation and storagendthere is potential to drastically reduce the cost of hydrégeiuel cell applicationsf
this impure reformate can be usgith minimal processing.

Typical hydrogerfrom methanol or metharreformationcontains ~2% carbon monoxiélevhich is far too
high for even the most tolerant lemperature PEM catalysts atesent Further processing can reduce the
contentbelow?2 ppm®, increaig the cost of fuglbased on supplier websitgsutilisation of hydrogen at 99.99%
purity rather than at 99.999% (ISO 14687 specificattwsrPEM applicationsindicates a cost saving of >70%.

Carbon monoxide peents a problem in PEM fuel cells due to the large overpotentials required to oxidise
the molecule to C&P. CO bond strongly to thePt surface®, inhibiting surface site availability fonydrogen
oxidation; the potential of the anode must increase to removegi&axidation (equation 1) causingthe cell
voltageto drop significantly. The formation of hydroxide groups on the surfad¥ (dquation 2)s the limiting
step in oxidation of O and is the reason for the large overpotential requirement.
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The current statef-the-art catalyst to mitigate this poisoning effect is a platimuthenium alloy PtRu/C
catalystsalleviatethe CO poisoning problewia two mechanisms(i) depletion of the Pt 5d orbital occupancy
resulting indecreasedsaturationcoverage(d < 0.6) andincreased CO surface mobilify(referred to as the
el ectr oni candfigtbenfamatios of@H groups orRu at lower potentials thaaccurson purePt
(E~04Vrue), known fausn ctth e nfab #° ihe eméixanon GQOmdlerance of PtRu/C catalysts is
ultimately limited by thepotential of-OHagsformation;while somestudies havelaimedthis can begin as low as
0.25 \khe'® most agree thdtulk Ru-OH formation takes placgE > 04 Vrue'Y 22 While this isan improvement
on pure Ptthis potential isstill relatively high when considering thaptimal operating potentials dPEMFC
anodegE < 0.2 \kug). As an alternative, Pt | WBystemsnay have the potential to provide supebehaviour
having been showin the literature tdacilitate theoxidation of CO at potentials as low as 0.k

WO; is wellestablished inenharing the tolerance ofPt and PtRucatalysts toCO *¥17, and has
demonstrated the ability facilitate the oxidation ofCO onPtat potentials well below that &u 4132, [f that
ability can be fully exploited, Pt WOs electrodes could present an alternative to PtRu, and perhaps more
importantly, could open up the possibility of utilising fuels wiigh levels ofcarbon monoxide.

The mechanism ahe CO tolerancef Pt| WO3; compositess thought to be a predominanthfunctional
one®®2% proximal W-OH groups react witPt-COagsto praduce CQ at potentials not limited by the formation of
Pt+OH speciesA previous study of a HtWO; catalystconcluded that the role of W@s to provide oxygen
containing species at low electrode potenttalsThey postulate that these \WOH species are the product of
tungsten bronzéH,WOs) formation at low eleitode potential§~0.2 Vkug). X-ray photoelectron spectroscopy
(XP9 showeda lowering in the binding energy(B.E.) of Pt electrons,suggestinga strongmetatsupport
interaction (SMSI), howevehechange in RBtelectron B.E. indicatednincrease in electron densitypposite to
the effect of PtRu alloying, anlereforenot contribuing to enhanced CO tolerance. Based on the work of Igarashi
et al” they suggest that the negative shift in BlectronB.E. results in a stronger 80 bond and consequently



higher surface CO coveragad decreased CO mobilitproperties thatvould be expected tbave a negative
impact on CQolerance of a Pbased catalyst.

WOs-supportedPt catalysts suffer from the low conductivity of the metal oxide substrate, and alsasiech
low electrochemical surface aredSQSAs) in comparison to Pt/ If a bifunctional mechanism is atork, a
chemical bond between the componengs/notbenecessary for an enhancement @ leranceA mixture of
Pt/C and W@ powders, if WQ is in excess and the @atalysts adequately mixed, could provide a high level of
CO tolerance while maintaining high electrical conductivity and not hampering perfornesneell as offering
important advantages in preparation simplicity and scalability.

In this workwe explore the viability of a physical mixtusystem (Pt/C mixed with W{powder) as a CO
tolerant lowtemperature PEMiydrogen oxidatiorcatalyst andook to further clarify themechanism of CO
tolerance enhancement in Pt | Y&stemsDue tothe multiple components in the systewhich are dynamic
with respect to the potential applieahd the possibility of at least tvestablished CO tolerance mechanisms to
distinguish, we spplement electrochemical techniques with two complemeirasiju spectroscopic techniques.
We investigate the role of WWV' in the accepted bifunctional mechanisia in situ Raman spectroscomnd
use in situ attenuated total reflectionfrared ATR-IR) spectroscopy to monitdhe effect of WQ additionon
both CO coverage and binding mede Ptas a function of potentialvith the aim of elucidatingny electronic
effects imparted by W¢onthe Pt surface

2. Experimental

2.1 Catalyst Synthesis and Ink Preparation

Tungsten trioxide was synthesiseid reaction of the appropriate weight of sodium paratungstate (Sigma
Aldrich 510114100G) with nitric acid (Sigma Aldrich 438073) in deionised water. The hydrated product was
extraced and washeda vacuum filtration andalcined in air at 550C for 4 hours, then milled to give the final
product.

Electrochemicalevaluation of the catalysts was undertakgia thin-film electrode measurements. The
preparation of these thin film eleottes was achieveda a dropcasting method whereby an aliquotvediter
basedcatalyst ink(0.8 mg/mL 46.1 w.t.% Pt/C, 4.0 uL/mL Nafion D2020, 1.48 mg/mL Yv@as applied t@
glassy carbon electrode and allowed to dry under ambient conditiuitesrotatng at700 rpm.A commercial
Pt/C catalys{Tanaka TEQOE50B was employed as the controlsampla er eaf t er r eéndthis ed t o
was mixed with the asynthesised W@powderto produce thephysicd mixture catalyst samplénhereafter
referred ti0)as #APt/ C/ WO

Inks for ATR-IR and Ramarspectroelectrochemistrgontained the catalysts in tsameratios; however
the technique required more dilute ink resiges follows;Ink 1 (control) 0.19 mg/mL 46.1% wt. Pt/C; 1 pL/mL
20% wt. Nafion.Ink 2: 0.19 mg/mL 46.1% wt. Pt/C; 1 yuL/mL 20% wt. Nafion; 0.36 mg/mL VO

2.2 Structural Analysis
2.2.1 Electron Microscopy

Transmission electron microscopyEW) images were captured using a Hitachi HT7800 transmission
electron microscope using an Emsis Xarosa camera with radius software. Samples were suspended in ethanol and
drop-cast onto a copper grid and dried under an IR lamp.

Scanning electron microscopy EBl) images were captured using a Carl Zeiss GeminiSEMi30igh
resolution Field Emission Scanning Electron Microscope (FESEM) fitted with SE (secondary electron) and BSE
(backscattered electron) detectors. Catalyst samples wereagsbpn adhesive camatubs using the electrode
catalyst inks given in sectighl

222 XRD

Powder xr ay di ffraction (XRD) patterns wayrdéfraciomaetco@ded on
kV, 40 mA) using Cu Kiradiation.



223 XPS

XPS was performed on a Thermo Fisher Scientific NEXSA spectrometer using a microfocused
monochromatic Al Xray source (72 W) over an area of approximately i66. Data were recorded at pass
energies of 150 eV for survey scans and 40 eV for higoblutionscans with 1 eV and 0.1 eV step sizes,
respectively. Charge neutralization of the sample was achieved using a combination of*hotis &And low
energy electrons. The XPS data was analysed using CasaXPS edfdifreusing sensitivity factors supptie
by the manufacturer with all binding energies referenced to the C (1s) peak at 284.5 eV.

2.3 Electrochemistry

Electrochengal experimentsvereconducted in 0.1 M bSOy electrolyte using a Pt foil counter electrode
reversible hydrogen (RHE) reference electroated a rotating disk electrode (RDE) working electrode, under
rotation where specifiecElectrodes were initially conditioneda 20 cyclic voltammogramsGVs, 100 mV/s),
followed by 3 slover CVs (10 mV/s) which were evaluated f@peatability These steps were repeated until the
CV response was consistent@ss three slow cycles.

CO tolerance was evaluated usirgrange of electrochemical techniques determinekey catalst
characteristics; CO oxidation onset potentaCSA and therelative rate of CO oxidation at given potenti@©
oxidation onset potential was evaluated usinghodified CGstripping voltammetry technigu?®?? whereby
hydrogen is used to amplify the current response following oxidation of CO (hereafter refearexd te€GH
st r i paniinmp@wement on theidely usedCO strippingtechniquegoerformed in an inert nitrogen (or argon)
atmospheréhereafter reffered to d&iN,-CO strippingd). A monolayer ofCO is adsorbed onto the surface of the
catalystwhilst holding the potential at0 Vrue and, under electrode rotation400 rpm the potential is increased
until CO oxidation occurs; in saturating the electrolyte withw& provide a readily available fukr oxidation
which gives a large and immediate current response lipenationof Pt catalytic sitesThe relative rate of CO
oxidation atow potentials was evaluated using a chronoamperometric method; a CO monolayer was adsorbed on
the surface athe atalystat 0 \kuEg, the solution then purged with hydrogamitrogen, then the potential stepped
to a given value (0.¥rue) and the current response measured.

2.3.1 ECSA Determination

ECSAwas determinedia copperstripping (Custripping) voltammetry#>;, a monolayer of Catomswas
deposited on the catalyst surfatem a Cu@* solution by applying a potential 00.3Vgue for 100 s, and
subsequently strippeahodicallyby sweeping th@otentialup to1.4 Vrue at 10 mV/s, with the corresponding
charge used to determine the Pt surface area, assuming 420?ACQuoted ECSA values for catalysts are
average values taken frothree or more measurements, with errors calculated from the range relative to the
averageThe absence of any interaction between copper ions anglé&®on, or the GC electrode was confirmed
via Ci-ECSA measurements with these components in the absence of platinum (Ejgure S

2.3.2 InsituATRIR Spectroscopy

ATR-IR measurements were performed using a Thermo Nicoletsgéftrometeequipped with a liquid
nitrogen cooled mercury cadmium telluridé@T) detector and a Veemax Il ATR accessory (Pike Technologies)
set to an incidence angle of 60°. Incident light was polarized at 90° using ainbuitlarizer.
Spectroelectrochemical measurements were performed using a modified Pike Technologiebh@teicmbATR
cell, a schematic depiction of which is showrFigurel. A mercury/mercurous sulphate electrdfe= 0.69 V
vs RHE) was used as a referenekectrode and a gold wire was employed as a counter electrode. Aiinthin
working electrodes were deposited onto an@ diameter silicon internal reflection element (IRE, bevelled at
60°, PIKE Technologies) according to the following procedure: (ilREewas first cleaned by immersion in aqua
regia (3 HCI:1 HNQ) followed by sequential ultrasonication in water, isopropy! alcohol and acetone; (i) the IRE
was dried in an oven for at least an hour at A2iii) the IRE was inserted into@istombuilt holder before
placing into a Quorum Q150 T turpumped sputter coater; (iv) a 10 nm layer of Au was then deposited at a rate
of approximately 13 nm/min. Catalyst samples were deposited onto the working electrode by drop casting 40 uL
of ink 1or 2(section2.1) directly onto the goletoated IRE followed by heating in an oven for at least an hour at
120°C. The samplecoated IRE was mountedtd the electrochemical cell, which was then filled with 0.1 M
H>SQw and deaerated with a flow of Ar gas for 20 min.



Catalyst films were initially electrochemically activated by performing cyclic voltammetry between 0 and
1.3 Vrue and the potential was theheld at 0.02 Wue whilst the initial backgroundTR-IR spectrum was
recorded. Spectra were recorded with a resolution of 4 ama were typically averaged ov2B6 acquisitions
(total acquisition time ~ #hin 40 s) The solution was then dosed with awvil of pure CO gas for 10 minutes,
whilst maintaining a potential of 0.02z+g, and periodic spectra were recorded to ensure the solution and sample
surface were fully saturated (as indicaldan unchanging spectrum over time). The solution was then purged
using a flow of Ar gas for 30 minutes, again ensuringhR-IR spectrum was completely stable after this time.
The working electrode bias was then stepped to incrementally higher pstentiafixed at each new potential
value whilst amPATR-IR spectrum was recorded, allowing 5 s for initial equilibration.
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Figurel | Schemati®epiction of ATRIR Electrochemical Setug

2.3.3 In situ Raman Spectroscopy

Raman spectra were measured during cyclic voltammitrysitu using a dedicated 3-electrode
spectrelectrochemicaRamarcell (Redoxme, Sweden) comprisingiaartzwindow 3 mm above a glassy carbon
working electrodea Ag/AgCl reference electrodend aPt wire counter electrodé. 532 nm laser wasmployed
using25% powel(approx. 4 mW,)a 600 lines/mm gratingnda50x SLWD objective lens200x 1 s acquisitions
were performed for each measurement, usibgam rastémng tool to increas¢he spot diameter to 20 um and
avoid sample damag&he laser was focussed on the sample surface prior to each measuremenspextrall
recorded using the same instrument parameters to gllalitative comparison atlative intensities.

Electrodeinkswere cast on glassy carboworking electrode andried in air. After insertion of the working
electrode, theell was then filled with a solution of 0.1 M8, and sealedAn initial potential of O \kne was
applied br 30 mins after whichthe potentialwas steped to the target value ameld for 10 mingprior to a
spectrunbeingrecorded

Peaks were fitted to Lorentzian lineshapes and are repottexistandard error associated with the fitting.
Peak areas are reported as the integrated area of the spectra betweeh 28@ &87 crit, with background
subtraction.



Results

3.1 Catalyst Structure

The assynthesised W@nanoplatelets averaged ~100 mmdiameter Figure 2a), with XRD analysis
confirming a monoclinic crystal structu(gigure ). TEM analysis confirmed ~5 nm average Pt particle size for
the Tanaka Pt/C catalysFigure 2b). HR-SEM images show reasonable intkspersion of Pt/C and WO
components in the mixed catalyst electrodggyre2c,d); the WQ nanoplateletslohave a tendency to
although this was considered unavoidable without surface modification.

XPS analysis indicates-é0.2 eVshift in the Pjs electron peak positioto lower binding energyor the
Pt/CGWO; catalyst mixture compared to pure PtM@hilst this difference isvery small, it was found to be
repeatable andoes align with previous worn WO;-supported Pt (Pt/W§) catalysts'4. It is interesting that a
similar magnitudeshift in binding energy has been measured for this catalyst mixture, given there is no direct
ibondi ngd bet wgcemponentseas thdre wasindthe \8&Ge ofldtdiet alt* Clearlythe observed
shift in our casés not an SMSIn the formal sensesince the W@component here is not used as a supjportt,
the effect appears to be similar. eBe observationaould suggest either a substantial tplvase boundary
between Pt and W{across the sample in our physical mixture or an equilibration of the electronic energy levels
mediated by the conducting carbon support.
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Figure2 | Stuctural analysis of catalysts: (a) TEM image of Wi@noparticles, as synthesised; (b) TEM image of Pt/C catalyst (Tal
(c,d) HRSEM images of #t/GWOs electrode surfacde) Pus electron XPS spectra for Pt/C and PA#©:s electrodes.

Giventhe platinumtungsten interaction shown in the XPS data, we should address the possibility of W
soluble species depositing on the platinum surface during measureR&ntsnan and reported that both
single crystal and polycrystalline W@lectrodes showigh stability toward dissolution in aqueous acid
solutions under opeaircuit conditions and when the potential is cycled in the electrochromic region (where
only very small currents flowy. This region represents the reversible and partial reduction af(y@rogen
tungsten bronze formation) by proton intercalation, similar to the conditions of our study. The bronze structure
may be considered to have a water content, which is linketttedased solubilitybut Lillard et al state that
dissolution is limited by the mass transport of a loosely bound(O)x layer from the electrode surfaée



3.2 Electrochemistry

Cyclic voltammetryin the supporting electrolytef all catalysts and the GC electrode can be found in the
supplementary information (Figure SZhese CVs confirm the Pt surface is clean and free of contaminants, and
as expected, the addition of W@ the Pt/C electrode results in changes to the Fegion (E < 0.3 WuE)
without any noticeable impact on thedXide region (E > 0.5 Mig).

3.21 ECSA

ECSA measurementsTable 1) were performed using the Gitripping method andshowthat there is no
significant difference ifECSA between Pt/C and Pt/C/\WWQOdemonstratinghat the addition of W@does not
have a negative impact on Pt surface area available for catalysis.

Typical methods for determination ofethelectrochemical surface area ofbRsed catalysts involve
integration of the charge associated with either hydrogen underpotential depositie?tidr oxidation of CO
24 For WQ-containing catalysts thedsb method is unsuitable due to the overlap with thg/W®* region, and
since Pt | W@catalysts have been shown to oxidise CO in the ~Q.k Mgion, integration of any CO oxidation
charge in the 0.6 0.9 Vrueregion is likely to be inaccurateECSA values for the Pt/C catalyst calculated via the
three most prevalent methodsyfd, CO stripping and Cu stripping) are consistent (58, 60 and ®d»m
respectively) confirming the reliability of ECSA measurements using the Cu stripping method.

Catalyst Cu-ECSA (m?/gpy)
Pt/C 60.6 £1.2
Pt/C/WO3 61.7+£04

Tablel1| ECSAof Pt/C and Pt/C/We@catalystameasured using Gstripping

3.2.2 CO Stripping Volmmetry

Figure 3a depicts linear sweep voltammety Pt/C performed using e H-CO stripping methodsee
Section 2.3)While CO isoxidised on monacrystalline Pt electrodest ~0.7Vrye (2 potential determied by the
formation of PtOH groups on bulk Pt)CO stripping voltammetry onanoparticulate Pt/C catalystasbeen
shown toexhibita Ffipea&k o i n i B.2Vrde &sing ¢heHl CO4stripping measurement we clearly
observe CO oxidation starting at ~Q/4ng, which is not immediately obvious from tiNe-CO stripping data,
unless one magnifies the pl&tigure3a, inset).
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Figure3 | N2- andH2-CO stripping voltammograms of (a) Pt/C and (b) RMO5 catalysts, recorded at 10 m\dsd 400
rpm. The inset of (a) depicts the same data magnified over a lower current range; (c) Difference voltammograxas of the
CO stripping voltammogram subtracted from HeCO voltammogram for Pt/C and PHE0s.

The H-CO stripping measuremetgchniquealso provides clarity in the evaluation of Weontaining
catalysts; tungsten oxiggatinum catalysts have demonstrated CO oxidation in the <@3region'**° which
overlaps the W/V' redox couple The reductiorand oxidationof tungsten oxides in an acidic environment is
accompanied by the intercalation andictercalation of protons to form tungsten bronze spewgibich produces
a current response that can obscure other processes (equation 3).
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Figure 3b shows the stripping voltammetry for the PANDD; physical mixture catalyst from whichwe
observe a distinctivpeak in both B+CO and N-CO voltammogramat just below-0.3 Vkrg, Whichwe attribute
to the oxidation othe WY tungsten bronzee W¥' (a potential which is in agreement with the literattije

By utilising both the BHCO stripping and MCO stripping measurements, we can subtract the extraneous
current resulting from CO oxidation and te@gsterbronzeredoxelectrochemistrgetailed in equation 3, leaving
only hydrogen oxidation currenEigure 3c), the onset potential of which equates to the onset potential of CO
oxidation.FromFigure3c it is clear that the onset of CO oxidation is shifted negatively by #1@@vhen WQ
is added to the Pt/C catalymtda small ste@ppeargprior to the main hydrogen oxidation current onsed.Q 7
0.3 Vrre). We have confirmed that this ~100 mV fshig not due to hydrogen oxidation directly on the WO
component (Figure 3. We note fromFigure 3a and b that there is no apparent change in the onset or peak
potential of the characteristic higiotential PICO oxidation peak (~0.8 adg), indicating in agreement with
Br k oet al P!, thata significant proportion of the Pt surface is unaffected by the presence gbiihe
timescale of thes@otentiodynamicmeasurementsAt this point we should also note the relatively small
proportion of Pt sites that are required to drive the reaction to diffusion control, given the high activity of Pt for
hydrogen oxidation. We have not attempted to calculate the exact mass of platijuiradto achieve diffusion
control in these experiments, however groups working with electrodes of similar loading agree that the value is
between 5 and 10 9.



3.2.3 Chronoamperometry

Figure4 shows the result of chronoamperometry ingddrged electrolyte of Pt/C and Pt/C/\4/€ectrodes
that were first covered with a CO monolayer atf/ For Pt/C/WG;, stepping the potential toDVre results
in measurable Hoxidation current after ~60Q whilst negligible currents are observed for Pti®is result is in
agreement with a similar experiment conducted by Mailktral 4 We suggst this evolution of hydrogen
oxidation current over timeeflectsrelatively slow CO oxidation kinetics at this potentigiven that after 30
minutes the maximum current achieved equates to ~70 thediffusion-limited current We stress that this is
unlikely to be the result of CO desorption given Pt/C exhibits nepitlation current in the equivalent
measurement

We note that thdata presented igure4 is apparently contrary to our observationsthre H-CO stripping
voltammetry in which the lack of #bxidation current at < 0.33/e suggestsio CO oxidationoccursin this
potential region. A explanationfor this apparentdiscrepancy lies in the timescale of the measurenveat;
propose tha€O oxidation does occur in tHisw potential region and can be observed onlfheninutetimescale
of thechronoamperometrgneasurement, however the rate is too lontlfie associated current to be resolved on
a cyclic voltammogram (with a timescale in the order of seconds).
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Figure4 | Chronoamperometmt 0.1 \kre of Pt/C and Pt/C/Wefollowing CO adsorptior
at O Vkue. Electrode under rotan at 400 rpm.

3.3 Spectroelectrochemistry

3.3.1 In situRamanSpectroscopy

The voltammetry presented igure3b exhibits gpair of redoxpeaks centredt approximately @ Vgrre
thatwe attributeto the W/V' redox coupleln order to probe the oxidation statkthetungsten oxide afifferent
potentials and to better understand its possible influence on the improved CO tolerance of Pt&AIYSIS|n
situ Raman spectroscopy was performed, and the results are presedfitpd@d. Raman spectroscopy typically
probes material withimp tol um of the surface, and therefore in the case of the Né@oparticles studied here
the Raman spectra can be considered representative oflkhmdtarial at each potentialhein situspectrum at
open circuit potential (approx. @Y rue) Of the Pt/C/WQ electrodeexhibitsthree peaks at 271, 714 and 807
cm'?, assigned to &(O-W-O) bending mode and two ¥ stretching modes, respectively, \WO3 . Upon
application of a redting potentialof 0 Vrue for 30 mins, these peaks vanish. This is consistent with previous
reports®, where thén situelectrochemical generation of hydrogenated tungsten bronéO¢wherex > 0.25)
with a tetragonal phase also resulted in the disappearance of these modes. Upon application of a more positive
potential of 0.1 Wug, one peak at 820 ¢ris observed, and a similar spectrismetained at potentials up to and
including 0.25 \&ne. This species is assigned ad\HDs where 0< x < 0.25, based on comparison with literature
spectra®3L and therefore in this potential range up to 25%mefungsten centres areduced toNV. Finally, at



potentials of 0.3 Wue and above, the 820 ¢hpeak shifts to 807 cthand the 271 ch and 714 crit peaks re
emerge, indicatindully oxidised monoclinic WQ (WV).
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Figure5 | (a) Insitu Raman spectroscopy of Pt/C/N/ectrodes in 0.1 M $$Qy solution. (b) Peak
positions and integrated areas of the peak at ~819fonm the insitu spectra in (a).

The spectral changes associated with the above phase transitionstappmar indiscretesteps rather
than on a continuum. This is illustratedrigure5b, in whichthebandpositions of the VWO stretching peaks and
the integrated area of the peak above 800'cnormalised to the maximum valaee plotted as a function of
applied potentiafthe signal intensity below 0\rnewas too weak to confidently assign a peak positibmpoth
cases, three clear regimes arsaed, corresponding to the above assignments. The shift in peak position to
higher wavenumber at lower potential is indicative of a strong€ énd in the hydrogenated tungsten bronze
than in WQ, explained by the increased covalency dt@bondssompared to W-O bonds, andmayfacilitate
theincreased CO oxidation activity at more positive poten{sdediscussiol The decreased peak area of the
more hydrogenated tungsten bronzes is explained by increased colouration of the reduced sample, lowering the
amount of scattered light, as well as the lower opticskin depth of more conducting materials such as tungsten
bronzes compared to semiconductivgs 32 The comparison of peak areas is thus goantitative bupgives a
strong indication othe distinct phasgsresentt different potentials

Taken together, thé situ Raman spectroscopy measurements suggest the presence of three potential
domains in which different tungsten oxidation states dominate, with @p%o of tungsten centres in thi¢V
oxidation state in the 0.1 to 0.%M windowin the Pt/C/WQ system and fully-oxidisedwW"' at potentials of 0.3
Vrue and aboveas listed below.
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Finally, itis well-established that Pt can induce oxidation state changes il presence of water at room
temperature through4$pillover3334 It should be noted that the experiments described here were performed on
the Pt/C/WQ system, and therefore that any effect of Pt on the oxidation state gfsw@nifested in the

spectra presented, which are thus directly applicable to the electrochemical system under consideration.

3.3.2 InsituATRIR Spectroscopy

The COoxidationbehaviournf Pt/C catalysts in the absence and presence of W& studied usingp situ
ATR-IR spectroscopya very powerful tool for studyinBtCO interactionsFigure6a depicts a sequence of ATR
IR spectra recorded for the Pt/C cataliysiAr-purged 0.IM H,SQO, after CO adsorption from a G&aturated
solution. The spectra exhibit typical features of €CPtsurface, with bandm the range£00062100 cm' and
18201920 cmt' attributed to the @ stretch ofCO bound to Pt in dinear (COL) and bridgebonded(COg)
configuration respectively.

At the initial potential of 0.04 %ue the linear CO band is relagly broad and asymmetriwith a peak at
2039cmt and a shoulder at 20242, reflecting multiple CO adsorption environmeatsd heterogeneitgcross
the catalyst surfaceThe band shape ualitativelysimilar to that reported by Kunimatsu andworkers® for
carbonsupported Pt catalysts, who attributed the primary geakO adsorption at Pt terrace sites, and the
shoulder at lower wavenumbersatdsorption estep edge siteés the substrate potential is steppedementally
from 0.04 \kxe up to 1.09 Wwe, both COL and CQ bands shift towards higher wavenumbarsl begin to
decrease in intensity as GOremovedrom the surfaceéWe note that, in agreementth Kunimatsuet al. %, the
shoulder at lower wavenumbedgcreases continuously betweeN e T 0.4 Vrug, Whilst the primary peak
remains relatively unchanged in this potential ramggch may reflect the Pt surface structure sensitivity of the
CO oxidation process
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Figure6 | ATR-IR spectra recorded in Avurged 0.IM H2SQu at a range of applied potentials for (a) Pt/C catalyst
(b) Pt/C/WQ catalyst after adsorption of CO. (c) Peak positions of linear and Hboioigied CO on Pt/C (blue symbo
and Pt/C/WQ@ (red symbols) catalysts plotted as a function of potential.

Broadly similar behaviour is observed for the P/CAE&alyst Figureéb), although the shape and position
of the linear bonded CO band at low potentials is rather different to Pt/C; in this case the primary peak appears at
a lower wavenumber of 2008 %, with two shoulders discernible at 20@m! and 2053 cm. The change in
COL. band shapsuggestsa different distribution of adsorption sites and, in particular, the presence of a third
distinct shoulderat high wavenumbersuggests that the presence of W@duces a new REO bonding
environment. The fact that all of the CBands in the Pt/C/W{Xatalyst appear at lower wavenumbers than for
Pt/C suggestsan electronifpolarisationeffect caused by W{and/or a reduced level of dipeltipole coupling
between adsorbed CO molecules, signifying a lower coverage or higher mobility; the relative contributions of
these factors ardiscussed in more detail below. Sirmey electroniceffect would be expected twary with
proximity and connectivity between-BO andWOs;, we speculate théhese phenomena are responsible for the
new bonding environmef#) observedAs with the Pt/C catalyst, the C@nd CQ peak intensities decrease with
increasing substrate poteaitiagain with the lower wavenumber feature (in this case the peak at 20PBainy
removed preferentially at lower potentials.



3.3.2.1 Variation in CO Band Position with Potential

The quantitative variation of the C@nd CQ bandswith potential is shown ifrigure6c for the Pt/C and
Pt/C/WG; catalystsWhilst multiple peaks contribato the CQ band as discussed abo¥er simplicity only the
position of the most prominent peak is plotted. Both the @@ CQ bands exhibit clearvibrational Stark
effect in which the peak position shift® higher wavenumbers with increasing potential, reflecting the
withdrawal of electron density from the-8tbond(i,e.r e d u ebackb oondi ng from the Pt atc
orbitals of the CO molecule)At potentials above approximately60/rHg, the two ctalysts exhibit similar
behaviour with linearStark tuning rates of approximately &%/ and 64 cri/V for CO. and CQ respectively.
However, elow 06 Vrue the CQ bandpositionsdiverge, leading to éower CQ peak wavenumber in the
presence of W@as discussed above.

The CQ band also appearsdightly lower wavenumbers in the Pt/C/W@€atalyst, although the difference
is substantially smaller than for the Cliand.The Stark tuning rates below 0.&)\é¢ for COL are approximately
25cnmm YV and 55 en'/V for Pt/C and RC/WQOs;, respectively The former is consistent with that previously
reported for Pt/C catalyst&3’ whilst the latter is higher than expectébnormally high Stark tuning rates were
previously attributed by Arenet al3¢to the slow oxidation of CO, which is consistent with the presence of WO
impartingsomeimproved CO tolerance at low potentials. CO oxidation may also explaimtisiallyhigh Stark
tuning rates observed fbooth catalysts above O\&:ne.

Thelower wavenumbeof the CQ band for PAC/WO3; compared to Pt/@ay be interpreted in two ways:

(i) increased electron density on Pt due to the presence afc@d@ result in more baettonation into theé *
orbital ofthe adsorbed CQhusloweringthe CO vibrationalvavenumberconsistentvith the findings ofLiu et

al.®8 who studied CO adsorbed on-Rt alloys; (ii) decreased dipstlipole coupling®*° between adjacent
adsorbed CO molecules, resulting from a lower CO coverage and/or higher mobility as propluseddhyet

al. for CO oxidation on PEe alloys’ Whilst both of these phenomena may contribute to the observed trend, we
believe that our data favour (i) as the dominant effect for a numbeasbns. Firstly, our XP@easurements
suggest a reduced binding energy af 8ectrons in the presence of W@Eigure2e) which, although smallis
consistent with an increase in back donation intad@€ * o rBy contrasit, Igarastat al” observed a small
increasein P binding energ and thuguled out (i) on tfs basis. Secondly, the extent of the downshift in.CO
wavenumber resulting from the presence of MCapproximately 40 cm at the lowest potential. This is higher
than the maximum shift typically attributed to dipaliole coupling effects (of the order of 30 cdnobserved

only when comparing the extremes of high and low coverfyeso for (i) to be dominanthe CO coverage for
Pt/C/WG; at saturation would have to be drastically lower than for Pt/C, which is very unlikely based on our
observations. Finally, data presented below on the ratio of linear to bridge bonded CO band intensities suggest a
higher totalsaturation coverage of CO in the presence ofsWich would be expected to lead to increased
dipole interactions and would therefore not be consistent with a downshift inn@@numberWe also
considered the possibility that the electric field intraztliby the presence of W@y impact the extent of dipale
dipole coupling, for example by promoting the formation of compact CO islands, however this is unlikely given
that the CQ wavenumber igienerallylower in the presence of WO

Based on the above glpotentialdependant wavenumber shifts can be understood by considerirgltixe
changedo theWOs. At low potentials [E < 0.3 Vkue) the WQ is partially reduced and the resulting electron rich
tungstencentres are able to donate electron density to Pt, thus resultisgbstantialbackdonation and
consequentha lower CQ wavenumber. At higher potentigls > 0.3 \kne) the W centres become fully oxidized
so this electron donation becomes less pronaljngkich is manifested as an upshifttire CO. wavenumber
and a higher Stark shift

A final issueworth consideringin the context of the COwavenumber downshift is its implications
regarding RLC bond strength. The increased Pt beokation induced byWOs; may indicate astrengtheimg of
the PtC bond, which i:aturally an important factan understanding thapparent improvemeim CO tolerance
exhibited by Pt/C/W®@ catalysts. Howeveras pointed out by Wasileski and-smrkers 4!, CO stretching
frequency andnetatCO binding energy are not necessarily correlatsd at present thenpact of WQ on Pt-C
bond strength remains ambiguous.

3.3.2.2 Variation of CO Bandntensity with Potential

To give an indication of the relative coverages of G@yariation inthe integratedO band intensit as a
function of potential is plotted iRigure7a and Kor the Pt/C and Pt/C/W4Xatalysts, respectively. To allow for
variations in the absolute ATRR absorbance between samples, the ,000s and total CO intensities are



normalised to the initial total CO signal intensity, recorded at 044 \fn both cases, the CO signal intensit
decreases to zero as the applied potential is increased. Below we disintentigyvariations in detail, andbf
clarity we split the data into threegions:low potentials E < 0.3 VWkue), intermediatepotentials (0.3 €< 0.7
Vrue), and high potetials € > 0.7 Vkrug).

Low Potentials E < 0.3 VrHE)

We first note differences in thiaitial relative intensity of the CObandfor the Pt/C and Pt/C/W{xatalysts
measured at 0.04rue. In the case of Pt/Ghe CQ:CGCg band intensity ratics approximately 4:1 at this potential
whereas for Pt/C/W&xhis ratio isnotably higher, aapproximately9:1. Interpretation of these ratios in terms of
site occupancyetweenlinear and bridge bonded Ci® not straightforward however, we believe the higher
COL:CGs intensity ratio in this caseesults directly from a higher proportion of lingabonded COin the
Pt/C/WGQ; catalyst characteristic of a higher overall saturation CO coveragenfore dense CO pking). A
complicating factohereis the phenomenon of intensitsansfe?®4%4?betweenCOs and COL bands,but this
would suggest more pronounced CO molecular interactions irprisgence of We) which would also be
consistent with a higher saturation coverage of 8®noted above, it is possible that the W@duces the
formation of compact CO islands which might facilitate intensity transfer but again this would not be i keepin
with the direction of the COwavenumber shifobserved

Analysisof the CO behaviour for Pt/CHjgure 7a) across the lowpotential regiorbetween 0.04/rne and
0.3Vrueshows a drop in relative CO coveragfeapproximately 10%further examination shows this drop can
be attributed almost entirely to a change in@a& signal, with very little change to th&0g signal.At first sight
this agoears to be inconsistent withirdH,-CO stripping measurementdich show no H-oxidation current within
this potential regionA possible explanation can be extrapolated from the work of l-Queteroet al in their
examination of the prpeak in N-CO stipping measurements with Pt/C catalyStsThey note that a maximum
CO coverage off = 0.68 can bachievedn a CGfree solution if the adsoprtion potential is more negative than
0.3 Vree. If the adsorption potential is increased to 04/, the saturation coverage deases tad = 0.63,
showing that the saturation coverage is a function of potential. It follows that adsorbing at a low potedtial (0.0
Vrue), then subsequently stepping the potential positively with the electrode allowed to equilibrate at each step
would have a sintar effect, in that each potential step would result in the maximum saturation coverage at that
potential being realised. Lop&aderoet al. note that the maximum surface coverage required to completely
block H, adsoprtion (and subsequent oxidatiorfss 0. 63; so, i f our starting cove
a valid assumption, a decreasafto 0.63 would equate to a drop in CO Total of ~0.08, without the onsetof H
oxidation, which accounts for the observed results from betBG®I stripping ad in situATR-IR measurements.
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Figure7 | ATR-IR Electrochemical Data Plots. a) Relative CO signal intensity for Pt/C catalyst. b) Relative C(
intensity for Pt/@QWOs catalyst. c) Comparative plot of total CO signal intensity for Pt/C andW@&catalysts
(inset; linear CO FWHM comparison of Pt/C and PtO:s catalysts). d) CO signal intensity difference plot. Ert
bars reflect the standard deviation determined firgplicate measurement.

We observeaa small difference between Pt/C and PY¥MD; in this region with a slight drop irrelative CO
coverage in the presence of W@omparedo Pt/C) at potentials up to 0.3M. This difference can be seen
more clearly in the comparison of total CO signal showfigure 7c. This difference isconsistent with the
chronoamperoetry data inFigure 4, which showed a slow electrochemical oxidation of & 0.1Vgrug,
indicating that some COxidation is possiblealbeit at very slow rateg) the presence of W{ven at this low
potential.

Intermediate Potentials (0.3 Va1 < E < 0.7 VRHE)

In this intermediatepotential region we observe a significant difference in relative CO coveestgeen
Pt/C andPt/C/WQs with increasing potentiakigure7d, in which the difference in relativetal COsignal between
the two catalysts is plotted as a functiompofential shows that this reaches a maximaii0.6 Vrug, after which
the two catalystbehave similarhatE > 0.9 Vrue. Theonsetof thissignificantdifference(~0.3 Vkrue) aligns with
thepotential at which the Wg&omponent is fully oxidised, as determinedigitu RamarspectroscopyFigure
5).

It is at the beginning of this potential wind@w0.3 Vkre) that we also observe broadening of @@ band
for the Pt/C/WQ catalystas shown irthe insetof Figure 7c in which the full width at half maximum (FWHM)
for the CO. bandis plottedas a function opotential Between 0.2 and 0.4r¥e the CO. peakfor Pt/C/WG
broadens significantipefore narrowing at higher potentialghereas for Pt/C we obseraegradual narrowing
with increasing potentiadcross the entire potential rangée latter isconsistent with an initially high diversity
of CO bonding states which decreases as CO molecules begin to be removed from the surface as the potential is
stepped more positive. Tlventrasting behaviowbserved in the presence of \A/@ay result from twgossible
effects: (i)an increase in theangeof PtCO bonding environmentsssociated with the oxidation @f" to W',
followed by their removal upon CO oxidatiofii) dipole-dipole coupling between adjacent adsorbed CO
molecules causes a narrowing loé tCQ bandwidth at high CO coverages (low potentials) compared to the Pt/C
catalyst As the potential is increased this dipalgole coupling is alleviatedue to the decreased coverage



leading to line broadenin@ased on the lower GQvavenumber observed in the presence of:WW® postulate
that (i) is the more likely to be the dominant effect.

High Potentials (E> 0.7 VRHE)

The relative CO signahtensitiesbegin to converge for Pt/C and PWM@Z0O; above 06 Vrhg, indicating that
the CO oxidation characteristics are similar in this region, and thatd®&3 not significantly affect the oxidation
characteristict thispotentialrange(ie.t he ficonventional 6 CO oxi dati)on mech:



4. Discussion

Based on the above observatiows, conclude that th#/Os-assisted CO tolerance is imparted through a

bifunctionalmechanismwith the WQO; itself mediatingoxidation of Ptadsorbed CO at potentials lower than on
Pt in the absence of W(as well agprovidingsurface oxygen speciess has previously been propostdVhilst
WO:s clearly induceglectronic effets,as indicated by thimcreased PC O -backbonding observed by ATHR
spectroscopythese are most pronouncatl low potentials where the WGas partially reduced and little CO
oxidation is observed, so they are not likely to contribute beneficially to the CO tolerance mechanism.

Evidence for thalirect role ofthe tungsten centres @O oxidationis based oithe potential observed for
sustaind H, oxidation from a C@contaminated surfad& 00.3 Vkue) being coincident witlthe transition from
tungsten bronze (MVOs) to WO, asidentified by in situ Raman spectroscopy, suggesting that ridyaid
regeneration of W is necessarfor this catalytic mechanisn\We also observelow CO oxidationactivity in the
E < 0.3 Vkue region asindicatedby the smallCO depletionin the ATRIR signalfor the Pt/C/WQ catalyst
(Figure7) andelectrochemicabxidation curren{Figure3 andFigure 4), indicative of a stoichiometrigeaction
where the RWO;3 (characterised bin situ Raman spectroscoppxidises COto give CQ, resulting infurther
redwction ofthe tungsten bronze

Taken together, proposehe mechanisrdepictedn Figure8, where W' is identified as the active redox
species that oxidises@zqs,piin the presence of water in a stoichiometric chemical segzijona) to form CQ
and a tungsten bronzRapid electrochemical oxidation of thengsten bronzgeactionb) only becomegossible
at potentialsabove ~0.3 Vrug, Which allows completion of thecatalytic cyclelt is worth noting that, whilst the
electrochemical oxidation of Wmay bethermodynamicallfeasibleat potentials above0.2 Vrue (based orthe
position of the redox peaks igure3b), the ow electron transfer kinetidsetween 0.2 Wue and 0.3 \awe will
mean reactiofy becomes rate determinimgthis potentialrange

xH,0 + xCOpy ags xCO,

)
WO, Ho WY, WY 1 503
nWVIn qu/VIu

s
ﬁast when

2xH "+ 2xe”

Figure8 | Proposed catalytic cycle for CO oxidation\W0Os, featuring a chemical (a, red) and electrochemical (b, blue)
stefs.

Theresults and mechanism discussed aldivaotidentify the precissurface species involved in the CO
oxidation mechanism bugre consistent withiterature proposalinvoking surfae@ W-OH groups Theseare
formed onWOj; surfaces by water adsorption under ambient conditits and especially in the presence of

hydrogen and Pt surfaceéswith the corresponding reduction of Mo WY. T h e s e 6 a calisdrous thend 0

provide the oxygen atom for CO oxidation, witte resultant electrongansferred tahe tungsten oxidévlicoud
et al®® also identified these sites as important in prangpa bifunctional mechanism for CO oxidation but we
extend this to suggeste role of W' speciesas the key oxidantAlthough thein situ Raman spectroscopy

technique used to characterise these phissaot specific to the surface, we suggest that due to fast proton

diffusion though W@ and tungsten bronze phases in the presence of #ateand highelectronicconductivity

of the tungsten bronzé% the surface oxidation states will rapidly equilibrate with the bulk within the nanosized

particles. Moreover, the measured bulk oxidation state of the tungsterratkisaliseghe ability of the material

OH

to accept electrons (with proton compensation) from CO oxidation at a given potential, and mediate them through

the W'V redox couple to the external circuit to be measured by electrochemical techifiness results are



therefore com@mentary to literature reports on the surface properties by providing a meclansmtained
electrocatalytic oxidation through the bubidditionally, possiblycorroborating this mechanism is the observation
thatunder increasingly positive potentidtee Raman stretching frequency for tié¢O bondis lowered(Figure
5b), indicating weakening of the bond\s suchwe proposethat as theelectrodepotential increaseshe
progressive restoration ¥§V' concentration is coupled wigimultaneousond weakeningand thusactivation

of OH groups, providing the local environment for CO oxidation

In addition to the redox effects discussed ab@@,binding on Pt is influenced by the presence ofsWO
(ATR-IR), presumably due to range dependent electrefficts (i.e. SMSlriginating from W', which is
increasing throughout the active redox potential range of (WiQure5). It remains quantitatively wfear at this
stage how the energetics (active potential range) of charge transfer processes are affected by variations in
catalyst/cecatalyst dispersion/distributicacross the entire potential range.

Taking tre catalytic cycle shown iRigure8 as the predominant mechanistie rate of CO oxidation on
PYC/WO; catalysts withirtypical operational fuel cells (ode< 0.2 Vrre) Will be limited bythe electrochemically
slow replenishment ofVV' and theresultinginability to fully complete the catalytic cycle at this potentialthis
case WQ@ may offersomelimited CO toleranceenhancementsut furthermeasurementsising an operating fuel
cell would be required to establish the CO concentration at which the rate of CO oxiaitonegreater than
the rate of accumulatiohe present study has showimownthat WO;3; is most effective in improving the CO
tolerance ofPt/C catalysts in the potential region @E O0.4 Vrue makingthese catalyst systerssitablefor
applications where an anodic overpotential of this magnitulileely, such asn direct methanol fuel cells



5. Conclusions

We have shown thdhe inclusion of a W@powder cecatalyst in a Pt/C electrode provides a measurable
increase in the CO tolerance, specificalgsulting fromthe lowpotential oxidation ofadsorbedCO via a
bifunctional mechanismiVe have determined that the rate of CO oxidation below g3 i¢ relatively low, and
there is a stepharge in the rate above 0.3:Mg, canciding with oxidation to W@within the electrode, leading
us to conclude thdully oxidized W"' is essential fothis reaction. We have proposed a possible mechanism
whereinthe chemistry of W@provides both\VV' species anthe surfaceoxygenspeciedor the low-potential
oxidation of CO on the platinum surfad&e note that this relies on sufficient contact dretween the Pt and
WQO;, but the data presentsdggestthis can be achieved by physically mixing Pt/C with WO

Theuse ofin situ ATR-IR and Raman spectroelectrochemistry has allowed us to identify the role of'the W
species for the first time, and the potentiependence of Wwithin the electrode, which can be used to identify
the limitations of W@-containing electrocatalystand the applications for which these catalysts are best suited.
More generally, the observation that a physical mixture of commercially available Ptftessyhthesised W©
canimproveCO tolerance to similar extent tgpreviously reportetlVOs-supportel Pthas the potential to provide
substantial cost benefits in the context of future catalyst materials development and optimisation.

Supporting Information

Figure S1; CtECSA voltammograms of Pt/C, W, and GC electrodes, Figure S2; XRBalysis of tungsten
oxide, Figure S3; comparison of hydrogen oxidation current of various catalysts and GC electrode, Figure S4;
cyclic voltammetry of catalyst materials and GC electrode in supporting electrolyte.
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