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ABSTRACT: The change in surface stress associated with the adsorption and oxidative stri
carbon monoxide (CO) on (111)-textured Pt is examined using the wafer curvature method in
L KHCO; electrolyte. The curvature of the Pt cantilever electrode was monitored as a fun
potential in both CO-free and CO-saturated electrolytes. Although CO adsorbs as a neutral
signi cant compressive stress, upt@ N/m, is induced in the Pt. The magnitude of the stress chaijije
egent,
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correlates directly with the CO coverage and, within the detection limits of the stress measur
elastically reversible. Density functional theory calculations of a CO-bound Pt surface indic
charge redistribution from thest atomic layer of Pt to subsurface layers accounts for the obse
compressive stress induced by the charge neutral adsorption of CO. A better understandi
adsorbate-induced surface stress is critical for the development of material platforms for s
catalysis.
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1. INTRODUCTION compressive stress has been measured for CO on Pt, adsorbed

. 4 .
Electro-organic reactions, where energy is either stored t?)?th electrochemicafly” and from the gas phaSeFirst-

released from chemical bonds within carbon-based molecuﬁ%gc'ples cglctul(?tlo_rt\s g(l)so dpredltc_t mgr?t%l%%)mp:]eiswe
are essential to help achieve a circular carbon-basggyc>> associated wi adsorption o ach has

economy? Central to the electrochemical conversion Ofp_roposed a charge re(_jistribution model, which argues that the
organic molecules is carbon monoxide (CO), which serves gn of the adsorbate-induced surface stress should depend on

both an intermediate in electrochemical @@luction to the direction of the charge transfer that is involved in the

hydrocarbons and electrochemical oxidation in fuel cells t fgtr tn(;?tlgEcﬁfatsh%sszrr];aﬁ?(lblol?aﬁ:?gggg_'?e?lns?ltemgtrgg;obrécause
operate via oxygenated hydrocarbons (e.g., ethanol, m% ’ '

anol)>* For the latter, Pt has been the predominant catalyst ¢f€ E/€ctrons they donate to the outer metal layer strengthen
in-plane bonds, while electron-withdrawing adsorbates, such as

choice, and substantiabe has been spent to identity the lides on Au, relieve tensile stress. However, this simple
mechanistic details for the complete oxidation of alcohol-basg%l ' ’ ! b

fuels. With CO conversion serving as an important if not rat(g_orrelation lacks generality in that theoretical and experimental
limiting step of the oxidative process, it is critical to understar{(déls.'uItS clﬁarly Sh.IOW that the ar? sorption of Eg%tlg H and O
the state of a catalytic surface when CO is present. relieves the tensile stress on the Pi(111) s &ven

The adsorption of CO is a purely chemical step that ighough O adatoms polarize charge away from the substrate,

generally irreversible. The CO-Pt binding energy of 96.5 k}j\/rllr'le tﬂispo\:\?onrzkesv\fgaé?(?)|gc;\éva{gethgyﬂ;?ﬁgatset.ress behavior
mol is rather small compared to the ;072 kJ/mol diSSOCiatiogssociated with, CO adsorption onto Pt in 0.1 mol/L KHCO
energy_(_)f the CO triple batfd but is Iarge_:r than_ most electrolyte. This was done via two independent stress
competitive adsorbates (such as H) and will readily displa easurement platforms using cantilever curvature measure-
such species from the Pt surfédche binding of CO to Ptis ments. The curvature of a Pt cantilever electrode was
E_ndhersttood in _te(;ms Olf th? Blyhcb)_ISelr (ﬂ%dl\jlo‘;\’herz cinly thtﬁwonitdred as a function of potential in both CO-free and
ighest occupied molecular orbital and lowes s
ur?occupie d rrl?olecular orbital (LUMO) of the molecule areCO—saturated electrolytes. Stripping voltammetry was used to
involved in the bondirg. ** In this model, the bonding is
derived from two contributions: thedbnation and 2back- ~ Received: January 7, 2022
donation. Although there is sigaint electron interaction, the Revised: February 14, 2022
net charge transfer is quite low, supporting the experimentatblished: February 24, 2022

ndings that CO adsorbs as a neutral molecule.

The adsorption of CO as a neutral molecule should induce

little surface stress change in the substrate; howeveagrsigni
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quantify the corresponding CO coverage. This allowed us tength of 25 mm. The curvature of the substrate was
determine the adsorbate-induced biaxial stress vs CO covenagaitored while in the electrolyte and under potential control.
and guided subsequent computational simulations of chargke relationship between the force per cantilever beam width,
redistribution mechanisms. Computational simulations predict,, exerted by processes occurring on the electrode surface
that interactions between surface and subsurface atomic layers the curvature change Y induced in the cantilever is
of Pt may be the source of the compressive stress induceddiyen by Stonéyequatioft
CO adsorption.

RS

2. METHODS Y81 ) (1)

2.1. Electrochemical Measurements. The electrolyte for
all experiments was 0.1 mol/L KHQ®@epared by sparging
0.05 mol/L KCOs solution (Alfa Aesar, Puratréfiwith 20

whereY,,  andhs are Young modulus, Poisson ratio, and

thickness of the Si substrate, respectively. The initial value of

g F., is arbitrarily set to zero at the beginning of the

;(;cm CQS{’/eFr)T'ght' Ultrapudr?hwaterr] (1:3;[:; MTHHVSEO’ H easurement. Since only surface processes are examined in
Icopure us) was used througnout the study. The pri Qf;q paper, we will refer td~, as the change in surface stress

the as-prepared solution was 9.5. The electrochemical cell WA designate it as

an airtight single-compartment borosilicate cell sealed by an 0., in situmethods were used to monitor the curvature of

ring and Teon cap. A glass disk was joined to the back of thg,o - iilever electrode. Thet re ects a 1 mW HeNe laser

cell to allow it to be held and positioned by a standard MIMOS of the polished Si side of the cantilever and onto a position-

mount on the ogtlcal bench. A full description of the cell ig,sitive detector (PSD). A small-angle approximation was

9"’3?‘ zlsbewhe? iFor these CQm(iTxperlr?ems,_lfhe cell was 5o to estimate the curvature of the Si cantilever directly from
modi ed Dy Inserting compressiamngs 1nto (h€ teon cap the reected laser position on the PSD. A more detailed

to accommodate three poly(tetraroethylene) (PTFE) - : :
tubes (0.8 mm ID, 1.6 mm OD) to serve as a Luggin Capi”ar}céi“escnpnon of this optical bench and methods used for

i y ; wum line. The Lucsimating the curvature are published elsewfferEhe
a gas purge ine, and a separaté gas return in€. 1Ne LU, 5 qaqe of this system is the speed at which the stress data
capillary and purge line were inserted into the electrolyte, wh 8

the return line was positioned in the headspace of the cell. T n bed?gollected. Collection speeds of 500 Hz have been
Luggin capillary wasled with 1.0 mol/l. KHCQ and orted, but in this study, stress data is typically collected at

tained “leaklessfrit at th dt ! leak 50 Hz. The second advantage of this system is the high surface
contained ane leaklessirit at the end 1o prevent 1€akage giag5 resolution. Surface stress changes®dfi/ad can
into the electrolyte. Gasw was controlled by a massv

controller (Alicat Scient)) with separate feed lines for argon typicalla/zﬁbe resolved from cantilever electrodes while in
(Ar) and carbon monoxide (CO). Working with CO is solutior.” The disadvantage of this system is that a single,

. : .Stationary laser measures only the change in curvature, rather
hazardous; any experiments with CO were conducted Wlﬂ:] y y g

i ed tiaht ; t iooed with an absolute curvature, by measuring the change in position
veri ed gas-tight equipment in rooms equipped with Severgt i o ected beam. It also interprets all cantilever movement
CO monitors including personal CO monitors for users. Th s a change in curvature, i.e., stress. This makes stress
counter electro_de was a Pt screen placed parallel to t asurements under the gas bubbling conditions used here
cantilever working electrode. The reference electrode was remely challenging. For this reason, the single laser system
saturated mercury/mercurqus sulfate (SSE) and was plaqﬁ s primarily used in voltammetric and potential pulse
outside of the electrochemical cell but was connected to ”é?(periments where the solution was quiescent, and the
electrolyte by the fritted Luggin capillary. Potentlals arf aasurement time was short enough to negate mlaécias
referenced to SSE, except where spedPotential control of drift
was maintained using an EG&G Princeton Applied Researc '
Corp. model 273 potentiostgalvanostat controlled by in- - yogeripad in previous studfes? was also used to measure
houset Labvletvv software. All measurements were madecgﬁtilever curvature. This apparatus consists of an 18 mW
roc;rg Iemg_?racure. t M t d Cantil AlGalnP (658 nm) diode laser, an etalon that generates three

<. 1N oltu Lurvature vieasurements and Lantriever arallel laser beams, a beam splitter, mirrors, servos for mirror

Fabrication. In situstress measurements were made on .%ontrol, and a CCD video camera. The change in cantilever
vibration-isolating optical bench using the cantilever bend”&lrvature is given by

method. The cantilever was al®0 (WRS Materials) strip g
measuring 60 mm 3.8 mmx 0.115 mm. Youtggmodulus _ (DS D) cos()

and Poisson ratio of the Si were £300° N/m? and 0.28, " np 2L 2
respectively. A 6 nm thick adhesion layer of titanium (Ti) and
a subsequent 90 nim of platinum (Pt) were sputtered onto whereD is the average spacing between adjacent laser spots
one side of the cantilever. The (200kotion was completely re ected onto the CCD camen, is the average initial
absent in X-ray diaction patterns<gure Sinset), and the  spacingD, is the spacing between the parallel incident beams,
(111) rocking curve typically had a full width at half-maximurh is the distance between the cantilever and CCD.,isitlte

of 4.8 indicative of a strong (111) crystallographic angle of incidence (typically equal to z&gpyas determined
orientatior’> Based on the curvature of the cantilever in aiprior to the experiment by replacing the electrochemical cell
following sputtering, the Pt was under compressive stress. Migh a at mirror. Spot coordinates on the CCD were
electrochemically active surface area (roughness factor),dasermined using Vision Builder (National Instruments) image
determined by hydrogen adsorption/desorption was 1.05. grocessing software and LabView. Two computer-controlled
typical voltammogram is shown in the Supporting Informatiogservos (Kinesis) center the laser spots onto the CCD to negate
(SI), Figure S1The top portion of the cantilever was maskedlaser drift. Potential control was maintained using a Biologic
with vinyl electroplating tape (3 M) to expose a cantileveBP-200 potentiostat and EC-Lab software. The typical stress

A multibeam optical stress sensor (MOSS), similar to that
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resolution with this system is approximately 0.06 N/m, a fact@xdditionally, Ha et al. report a 1/4 ML CO coverage stress of
of 60 less than the single laseedion system. In addition, 1.55 N/m, also for a 6 Pt layer unit té&We nd our value
due to the mirror servos, data acquisition is reduced to 0.5 H#. 1.65 N/m in good agreement with these results. We note
The primary advantage of the MOSS system is that thbat these calculations are for CO binding to a clean Pt surface,
measurement tends to be less sensitive to vibrations. If thed future work could include the contributions of water on
three laser spots are impacted equally, the spot locatiote Pt surface.
change, but the distance between the sp@}¥ remains
unchanged. _ 3. RESULTS AND DISCUSSION
For the reasons discussed above, the MOSS was used t .

measure the steady-state stress associated with CO adsorptioht: Eléctrochemical and Stress Response of Pt to CO.

e rest potential of the Pt cantilever electrode in Ar-purged

and electrochemical stripping from Pt cantilever electrodes. ) |

Stress measurements were made only in the absence of isNol/L KHCQ is near 0.115 V vs SSE. After 10 min of

bubbling. The electrolyte wast deaerated with Ar atew ~ ©O SParging to saturate the electrolyte, the rest potential shifts
dh the negative direction td.68 V, reecting the adlayer of

rate of 15 mL/min for 1 h while the potential was set to th CO on the Pt surfacBigure Ishows the voltammetry (a) and
desired value for CO adsorptifig, Gas ow was stopped, face stress response (b) of the cantilever electrode with and

and the initial curvature of the cantilever was measured usi h -
hout CO present in solution. In the absence of CO, the

the MOSS. A typical measurement was made for 2 min a

consisted of about 60 data points. CO was then introducefp!tammetry is dominated by hydrogen adsorption/desorption
into the cell at a ow rate of 3 mL/min. Saturation. a &t negative potentials and PtO formation/reduction at positive

concentration of approximately 1 mmol/L, was achieved in 10

min. Gas ow was stopped, and a second curvature  '° @ ' ' ' ' ' ‘
measurement was made. Therdince represents the stress
change for CO adsorptionB};sin equilibrium with a CO-  _~
saturated solution. Ar was then bubbled at a rate of 15 mL/mi £
to ush the CO from solution. A third curvature measuremer Z
was made, representing the stress change for CO adsorptio & 5, [
E.qswhen CO is absent from the electrolyte. The adsorbed Ct 2
was then electrochemically stripped from the Pt while th
charge and stress change were measured.

Although the curvature measurements were made in tt
absence of gasw, to associate the curvature change with CC
adsorption, one must assume that curvature wasentgda
by gas bubbling. This assumption was tested for thewwo
rates used during a typical CO adsorption cycle xada
potential of 0.2 V vs SSE. The results, discussed ifl the -100
(see the Uncertainty in Curvature Measurement during Ge
Bubbling section and Figure S2), generate an over: Potential (V vs. SSE)
uncertainty in the measurement, given by the followin 1
expression (b)

T= (( i+ f)2+ 51/2 (3) 0.5 F

where 1 is the total uncertainty in the measuremeahd ;

are the standard deviations of the initial amal stress
measurements, respectively, gnds the average error
introduced by gas bubbling, as showRigare S2The
values used were 0.02 and 0.06 N/mdes of 3 and 15 mL/
min, respectively. Thevalues are represented as error bars ir
the stress plots.

2.3. Computational Details. We performed density
functional theory (DFT) calculations within the generalizec
gradient approximation (GGA) tad the stress of Pt(111)
and Pt(111) with 0.25 monolayer (ML) CO in the atop 15 s . - s - s s
position. All calculations used Quantum Espresso, version -1 08 -06 04 -02 0 0.2
GPU, with a plane-wave cutd 120 Ry, the PerdeBurke Potential (V vs. SSE)

Ernzerhof (PBE} exchangecorrelation potential, and
PSEUd%?OjO pseudopotentials ' (C.upf, O-high.upf, IDtlgigure 1.(a) Potentiodynamic scan and (b) surface stress response
ﬁgéjgfz,t I agg:]se;?]tg Sv;vsltgag:ggl\:/)visds 6336 113_136 oilrj1rt“rt'ngilfl1 ( ) of a(111)-textured Pt cantilever electrode in 0.1 mol/L KHCO

(11 0 o set). To prevent spurious interactions, we applied thWith (blue curve) and without (red curve) the CO-saturated
: P p ’ pp glectrolyte. Althoughf is arbitrarily set to 0 at the beginning of

vacuum eective screening medium (ESM) [Snethod boundanyhe experiment, the CO-sat stress curve in panel (b) was shifted along
condition and used a cell height of 70 Boht“dale nd our the stress axis to highlight the identical response with the CO-free
value of 4.79 N/m for the Pt(111) surface stress in goodurve in the PtO region. The sweep rate was 25 mV/s, and the

agreement with GGA calculations from the literafiire. solution pH was 9.5.
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potentials. The stress is compressive in both regions and shaeivess in this potential region. As the potential is further
hysteresis associated with oxide formation. As expected, iereased, an abrupt tensile increase is observed atlabout
stress response for hydrogen adsorption/desorption is faily about 0.3 V positive of initial CO oxidation, suggesting that
reversible. In the presence of CO, the voltammetry indicatése loss of loosely bound CO has little impact on the surface
that CO completely prevents hydrogen adsorption onto Pt dustress. The largest change in stress occurs at the voltammetric
to the absence of the symmetric peaks betviekand 0.8 trough between the two current peaks. In this potential region,
V vs SSE ifrigure &. In CO, as the potential is scanned in thethe stress responds to both the removal of CO and the
positive direction, CO oxidation begins n€a90 V/SSE and  adsorption of anions onto the Pt surface. Eventually, the stress
shows two current peaks at abdub and 0.35 V. Thetwo  becomes compressive and replicates the response for OH
CO oxidation peaks are well positive of the standard potentiadisorption in the absence of CO in solution.
for CO oxidation of 0.11 V vs RHE ( 1.2 V vs SSE), which The rate and potential dependence of CO adsorption were
is partly due to the blocking nature of the CO adlayerexamined by pulsing the potential from an initial valuef
e ectively preventing the water molecules, necessary for GQwhich is positive of the CO stripping potential but negative
oxidation, from reaching the Pt surfa¢eThe higher anodic  of PtO formation, to more cathodic potentials for 100 s and
current in the CO-saturated electrolyte following CO strippinghen returning the potential td®.2 V. The results are shown
(Figure &) is due to the bulk oxidation of CO in solution. in Figure 2 In the absence of CCFigure ), normal
The oxidation of adsorbed CO follows the Langmuir electrocapillarity is observed. The stress response is tensile and
Hinshelwood mechanisiwhere the adsorbed CO reacts stabilizes within the 100 s pulse. Both the addition of negative
with the adjacently adsorbed oxygenated species charge and anion desorption are expected to produ&e tensile
= = stress, consistent with Ibactharge redistribution model.
PISCO+ PtS OH 2Pt C§ H 8 (4) When the pulse potential reach@s9 V, there is a slight
leaving two open Pt sites where anion adsorption can follo@ecrease in the stress due to the onset of hydrogen adsorption.
On polycrystalline Pt electrodes in acidic electrolyte, thé&his is clearly evident at.0 V where the postpulse stress fails
primary CO oxidation peak often appears as two peaks, litereach the values of the previous pulses and the stress moves
that shown ifFigure &, when CO is adsorbedsgt, 0.3 V in the compressive direction at a rate that appears to be
vs RHE. The two peaks likely correspond to the oxidation &fi usion-controlled.
CO adsorbed on dérent surface sites, which is supported by When CO is added to the electrolfig(re b), the tensile
corresponding FTIR spe&FaThe latter peak alone is t0 compressive transition occur8.5 V more positive
observed fdE,4s 0.3 V vs RHE. In 0.1 M NaOH electrolyte (between 0.4 and 0.5 V). A pulse potential 0f0.4 V
(pH 13), CO oxidation begins at more negative potentials thaghows a slight downward eetion while the response for
in acidic solution and exhibits three oxidation peaks prior to Pt0.5 V is clearly moving in the compressive direction. This
oxidatior® in contrast to what we observe in 0.1 M KKICO continues for all pulse potentials examined negati9etof.
(pH 9.5). Similar to the curve for hydrogen adsorptidfigare 3, the
The stress response with and without CO in solution istress should respond to the double layer charge from the
shown irFigure b. The curves were adjusted along the stresotential step, followed by the adsorption of CO onto the Pt
axis to highlight the fact that the responses in the PtO regisrface. The CO can irence the stress in several ways, by
superimpose. The bulk oxidation of CO in solution has naltering the charge density on the Pt surface (either by direct
stress signature, as noted by Ha €t Ehe most striking  charge transfer or by causing a charge redistribution in the Pt),
feature when CO is present is the compressive stress chahgehifting the potential of zero charge (pzc) of the Pt, and by
induced in the Pt cantilever by CO adsorption. As the potenti@dsorbateadsorbate interactions when at high coverage.
is swept cathodically from the PtO region, CO adsorption Figure 2 shows a plot of the net stress change for pulses
begins at about0.45 V, where the stress response begins tshown inFigure 2,b. The magnitude of the stress change is
move in the compressive direction with respect to the curve feimilar for both pulse directions. In the CO-free electrolyte, the
CO-free Pt. The adsorption of CO may even facilitate thetress reaches a maximum tensile valu@.@tV at which
reduction of PtO through its oxidation to OA maximum  point compressive stress due to hydrogen adsorption comes
stress dierence of 1.3 N/m is seen at a potential of about into play. When CO is present, the compressive stress due to
0.85 V. This represents the stressreince between an its adsorption begins just negative®4 V. The fact that the
anion-covered Pt surface (at potentials approaching hydroggiress response is the same in & to 0.4 V range,
adsorption) and the CO-covered Pt surface. The stresghether CO is present or not, indicates that CO does not
response due to hydrogen adsorption is completely absexttsorb at these potentials. The shape of the curigs:2
on the CO-covered Pt surface, similar to the voltammetris quite similar to the cathodic stress response shieyorim
response. 1b. Compressive stress occurs at more positive potentials when
As the potential is swept in the anodic direction frbrh CO is present in solution. The elience between the two sets
V, the stress moves very slightly in the tensile direction with d curves ifrigure 2 at 0.9 V is about 1.28 N/m, which is
corresponding electrochemical response. Molecular orbitaarly identical to the CO-induced stress obtained from the
calculations for CO chemisorption on Pt suggest that aRigure b voltammetry at this potential.
increase in anodic potential results in a decreased backIhe surface stress response to the potentiostatic pulses
donation from Pt to the* level of CG" This is in good  shown inFigure B suggests that CO coverage and the stress
agreement with experimental results showing a decrease initidiced over therst 100 s of CO adsorption have a potential
Pt C and an increase in the Q stretching frequencies with dependence in the range &4 to 0.8 V. The stress levels
increased anodic potential, as a result of weakening of the at more cathodic potentials. Ibach has examined the CO
back-donation bond to the surf&c@his increased surface stress response on Pt(111) in UHV as a function of coverage
charge density in the Pt can account for the observed tensiled nds a linear relationship at low coverage where the stress
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Although surface stress measurements have been made during
the electrochemical adsorption of CO onto Pt, stress as a
function of CO coverage has not been repbttéd.

3.2. Quantifying CO Coverage on Pt. The adsorption of
CO is considered to be a purely chemical process, adsorbing as
a neutral molecule, so its adsorption does not involve an
electrochemically detectable charge transfer that can be used to
quantify its coverage. This has been demonstrated in the
literature by displacing an iodine layer on Pt{i1djose
structure and coverage are well known from “$Title
displaced charge density @04 C cm 2 is consistent with
the calculated charge based on the iodine coverage. Stripping
voltammetry is generally used to quantify the CO coverage
through its 2-electron oxidation to LBowever, there is a
discrepancy in coverage determined by this method and
spectroscopic methods due to errors associated with double
layer charging. We use a method developed by Cfauilier
determine CO coverage that has become widely used in the
literaturé**>*> 4° The electrolyte isrst purged with Ar, and
the potential is cycled between the platinum oxide and
hydrogen regions to clean the Pt surface. The potential is then

xed atE,4swhile CO is introduced. Once the CO layer is
established, the system is purged with Ar for 30 min to remove
the remaining CO from solution. The CO adlayer is then
oxidized to CQ@ by sweeping the potential frdfgy,to a
potential where CO is completely oxidizEg, The
voltammetry is then repeated to generate a background
response in the absence of CO on the surface.

Figure 3shows a typical current and stress response to
voltammetric stripping of a CO layer that had been adsorbed
from the saturated solution atyed potential. The CO in
solution had been removed by Ar purging prior to stripping the
CO adlayer. Examples from both stress measurement
techniques, discussed $ection 2.2'In situ Curvature
Measurements and Cantilever Fabrication”, demonstrate that
similar stress/potential ptes can be obtained for numerical
evaluation. The initial voltammetric cyElgure &,c) shows
the absence of hydrogen desorption as the potential is
increased frorg,y, With a further increase in potential, the
2-electron oxidation of adsorbed CO to, @@pears as two
separate current peaks. A single oxidation peak was observed,
when stepping by 25 mV incrementsgfgyr 0.7 V (for
example, see Sfjgure SB The voltammetry in the Pt
oxidation/reduction region is identical to the subsequent
voltammetry in the absence of CO on the surface. An
additional post-CO stripping CV, denote#Baa Figure a,b,
is identical to C\#2, indicating that all CO, present in the
system, was oxidized on thst cycle. Following CO stripping,
hydrogen adsorption returns at potentials negativi&V.
Although the characteristic features seen on clebiyiRe(

S1) are absent, they tend to return with continued cycling
under an Ar purge. We also note that the hydrogen desorption
Figure 2. Surface stress responsd) (of a (111)-textured Pt  charge from clean Pt and from freshly stripped Pt is essentially
cantilever electrode to potentiostatic cathodic pulses from a startiitientical, suggesting that the CO cycle causes naasigni
potential of 0.20 V vs SSE in 0.1 mol/L KHgE&xaturated with (a)  area change to this particular Pt surface.
Ar (CO-free) or (b) CO. The pulse duration was 100 s, followed by a The corresponding changes in surface stress are shown in
return pulse_to 0.20 Vfor 75 s. (c) The average net stress change fqrigure B,d. The stress was arbitrarily set to zero at the
both cathodic and return pulses shown in panels (a) and (b). beginning of the rst voltammogram. Initially, the stress
remains relatively constant during the potential sweep before
is due to adsorbatseurface interactioiis.At increased increasing in the tensile direction as the CO is oxidized from
coverage, there is an additional compressive contribution dine Pt surface. The stress does na&ctehe apparent two
to adsorbateadsorbate interactions. Similar nonlinear behawseparate CO oxidation peaks that appear in the voltammetry.
ior has also been suggested through DFT calcuiationsAs seen previously in the CO-saturated sol&iigmr¢ ), the
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Figure 3.(a) Stripping voltammetry and (b) surface stress respdpeéd (111)-textured Pt cantilever electrode in CO-free 0.1 mol/L KHCO
following CO adsorption &= 1.0 V from CO-saturated solution using a single-beam HeNe laser to estimate the cantilever curvature. (c)
Stripping voltammetry and (d) surface stress respdheéd (111)-textured Pt cantilever electrode in CO-free 0.1 mol/L Kialiving CO

adsorption aE = 1.025 V from CO-saturated solution using a MOSS to measure the cantilever curvature.

stress reaches its maximum at the trough between the twiemical measurements must be made to capture the changes
peaks, suggesting that Cddisorption becomes the dominant in double layer capacitance due to CO adsorption, as well as
process as the potential is further increased. Upon reductiontbé charge contributions from anion adsorption/desorption.
the PtO, the stress once again becomes tensile before turnifite charge associated with the entire sequence is
compressive again in the hydrogen adsorption region. Because .
CO is no longer present in solution, readsorption does not Ge = G;S (%t 9 (5)
occur on the return sweep and the stress response is similar to
that shown irFigure b for the CO-free electrolyte. It should whereqgco( is the net faradic charge density for the two-
be noted that once the CO is removed from the surface, theectron oxidation of the CO adlayer tq, @ g is the total
stress response is identical to the subsequent backgrowttirge obtained from the initial voltammetric sweefEfom
response for Pt, again indicating that all CO has been remowedE,,, like that shown irFigure &,c (the CO stripping
during the stripping cycle. The CO-induced stress can lgharge). The two additional termsein 5consist ofy,, the
estimated from the stress alence atEy In the cases background charge measured betkggrand E,, in the
provided here, a stress change00®0 N/m was measured absence of the CO layer, apgd the displacement charge
from a CO layer adsorbedBgjs= 1.0 V using the single measured &,,,upon desorbing the CO adlayer. The quantity
HeNe laser, while a similar stress chang8.85 N/m was  (q, + ¢y equals the overall charge density for double layer
measured from a CO layer adsorbéfjjgt 1.025 V using  charging betwedf ;andE,, involving desorption of the CO
the MOSS. These stress values do not represent the absokuditayer without oxidizing it, whergagefers to the same
stress induced by CO to the Pt surface; rather, it represents fhetential sweep but now including the faradic charge for
di erence between the stress state of a CO-covered Pt surfeoaverting adsorbed CO to £€@he value off, is obtained
and a surface with mixed coverage of adsorbed hydrogen #&yd integrating the voltammetric current measured in the
anions that would normally be present on the surfaggimat absence of chemisorbed CO betwegnand E,,, i.e., the
CO-free solution. voltammogram(s) following CO stripping. The quaqity
Signicant eort has been made to quantify the CO re ects the fact that &, either hydrogen or anions are
coverage electrochemically by means of stripping voltammedidsorbed onto the clean Pt surface once the CO has been
with appropriate double layer correcti6ffs*” CO cover-  removed; however, the quantify is generally obtained by
ages determined from this technique are generally in line witikamining the opposite process, i.e., the CO adsorption step.
those determined spectroscopicélfyA series of electro- Although CO adsorbs as a neutral molecule, one observes a
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current transient due to the displacement of the species already
present on the surface prior to CO adsorption. Desorbed
hydrogen is expected to produce a positive charge, while
desorbed anions produce a negative charge. The potential at
which the charge passes through zero is the potential of zero
total charge (PZTC), an empirical quantity not to be confused
with the PZC, a thermodynamic quantity. For polycrystalline
Pt, the PZTC is reported to be +0.28 V vs RHE addition
to the displacement charge for species leaving the surface, one
also measures charge due to changes in the double layer. Taken
together, these contributions can be reliably capturegd. for g
As an example, we have applied this technique to the
voltammetry shown iRigure 3. Integration of the stripping
current fronE,ys= 1.0 V toE,, = + 0.20 V for the stripping
and subsequent voltammogram yields a value o€248°
for the quantitygr @, This quantity takes into account the
1.05 roughness factor of the Pt cantilever. Due to the slow CO
ow rate required to obtain an accurate stress measurement, , . .
the long transition time for CO adsorption, nearly 600 s, mak(fgﬁure 4.CO coverage as a function of potential for CO adsorption
it di cult to detect the displacement current from the rom CO-saturated solution followed by voltammetric stripping in
background needed fqs, However, a study focusing on CO-.fre.e 0.1 moI{L KHCQ Error bars represent the standard
. . . deviation for multiple measurements made at a given potential. The
thg po_tent!al _dependenceogg at potentials negative of CO ¢4 curve is a guide for the eye.
oxidation indicates that the elience betweeq,s at two
potential values is identical to integrating the background
voltammogram between the same potential 4fraitplot of
Ogis VS Eags Obtained by this method and usecedns is
shown in the SlFigure S4An Epyrc value of 0.80 V is
obtained from the plot, very similar to that@B1 V (+ 0.28
V vs RHE) reported by Cuesta for polycrystalliieGriing
back to the~igure & example for CO adsorption 4t0 V,
Oqis IS generated due to the oxidative displacement of H from
the Pt surface. The value @f;; obtained fronfrigure St a
potential of 1.0 V is 85 C/cm? Adding us t0 Gr G
above results in a faradic charge for CO oxidation 0€828
cn?, re ecting a CO coverage) (©f 0.68 (normalized to the
metal atomic density of 1.80.0" atoms cn? for Pt(111)).
This compares nicely to the maximum CO coverage of 0.68
reported for Pt(111) in the CO-free electrolyt€he same
procedure applied teigure 8 yields a CO coverage of 0.69
for Eigs= 1.025 V.
3.3. Deriving CO Coverage from Stress Measure-
ments. Measurements, similar to those showiginre 8,d Figure 5.CO-induced surface stress chandgreasured by the
using the MOSS, were made over a potential ran@ebdb MOSS during the CO adsorption cyclexad potential; following
1.1 V to determine the stress change associated with C&$ purging at 3 mL/min for 10 min (red), following Ar purging at 15
adsorption in both CO-saturated and CO-free electrolytes, §&-/min for 30 min to remove the CO from solution (blue), following
well as the stress and charge associated with voltammegigace CO removal by voltammetric stripping (green), and the
o . i erence between the CO-saturated and CO-free stress values
stripping of the CO from the Pt Surfa'ﬂgu.re 4Shows_a plot . ogtained from the potentiostatic pulses showigine 2 (black).
of CO coverage as a function of adsorption potential, obtaine
from stripping voltammetry using the procedure outlined
above. The CO coverage ranges from 0.73 at the most negatigatilever was measured prior to introducing CO into the cell,
potential down to 0.04 as the adsorption potential moves fiollowing 10 min of CO purging at 3 mL/min and following 30
the positive direction. These values represent the CO coveragi® of Ar purging at 15 mL/min. The curvaturestince
in the CO-free electrolyte. The solid line in thee is simply  following the CO purge and the initial value represents the
a guide for the eye. An extrapolation of this line indicates th@O-induced stress for an adlayer in equilibrium with a CO-
CO adsorption occurs at potentials negative Ocd V, saturated solution. The curvaturesidince following the Ar
consistent with the stress response to the potentiostatic pulgesge and the initial value represents the CO-induced stress for
in Figure 2. The observed decrease in CO coverage withn adlayer in CO-free solution. In addition to these steady-
increasing adsorption potential is somewhat more prominestate stresses, the stress change associated with voltammetric
than that reported over a similar potential range fostripping, as well as the stress obtained frdrgiine Zulse
polycrystalline Pt in 0.1 M HCJ® This might be due to  experiments in the CO-saturated solution, are shown. Because
the higher pH in 0.1 mol/L KHCO® the reference state for the voltammetric stripping measure-
The corresponding stress measurements are sliogurén  ments is the CO-free Pt surfacg,gf the pulse data plotted
5. As outlined irsection 2,2the steady-state curvature of the in Figure 5is the dierence between the CO-saturated and
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CO-free values plotted fiigure 2. It is interesting to note
that the pulse stress values and the steady-state adsorption
values from the saturated solution are very similar, particularly
at more negative potentials. The small discrepancy at more
positive potentials may eet a longer time required to reach
equilibrium due to CO oxidation at these potentials. All four
stress measurements give similar values at potentials negative
of 0.8 V. The decrease in compressive stress as the potential
approaches1.1 V is not due to a loss of CO coverage but to
an increase in hydrogen coverage of the Pt reference state (see
Figure 2). DFT calculations indicate that both a< 11
monolayer of H and a full monolayer of CO=(0.68)
produce a stress of aboudt.5 N/m>8

Cuesta has examined the equilibrium CO coverage on
Pt(111) electrodes, heldB= 0.1 V vs RHE, in 0.1 mol/L
H,SQ, as a function of the CO partial pressure in equilibrium
with the electrolyte. CO coverage was geantising both
stripping voltammetry and Fourier-transform infrared spec-
troscopy (FTIR). A maximum CO coverage of 0.75 was
measured under saturated conditions. Under extremely low
CO concentration, the equilibrium surface coverage drops to
0.68>* Although a similar decrease in the CO surface coverage
should occur between the CO-saturated and CO-free electro-
lytes at the more negative potentiafsgare 5the associated
stress change falls within the uncertainty in the stress
measurement. However, at more positive potentials, the two
stress measurements made from CO-free solution deviate
signi cantly from the CO-saturated measurements. Spectro-
scopic evidence for stable CO adlayers up to 0.9 V vs RHE in
CO-saturated solutions has also been reported, whereas the
onset of CO monolayer oxidation in CO-free solution is less
positive by 220 m¥. It is encouraging to note that the
adsorption stress from CO-free solution and the voltammetric
stripping stress give nearly identical values over the entire
range of potentials examined. They represent two independent
measurements of the same CO adlayer, one measured dufigyre 6.(@) CO-induced stress ) measured during CO stripping
its formation with the second measured during its remova$ & function of CO surface coverage. The coverage was determined
The similar stress values during CO formation and remov@?mt;?e st{:gg%%fehgr(%i gz‘\’}‘grgé"eh'\'l‘z g‘(ftesr:{:gﬂ)’:gtsfgftsﬁg co
also suggests that the Pt surface d_qes not undergo %ﬁa%lsjrated electrolyte calculated fronf-tpere 5Sstress values from
structural changes that r_mght be senS|t|ye to a surface str ntiostatic pulses, using the linear relationship in panel (a). The
measurement, at least within the resolution of these measufey.free coverage was taken from panel (a). The solid lines are only a
mentS, about0.06 N/m. guide for the eye.

The CO coverage dirence between CO-saturated and
CO-free solutions can be estimated from the stress with
knowledge of the stres®verage relationship over this rangepotential when CO is absent from solution. Therelice in
of potentialsFigure @ shows a plot of the stripping stressthe equilibrium CO coverage that Cuéstaeasured as a
(from Figure % vs the CO coverage obtained from the function of the CO partial pressure in 0.1 moyS® at E, 4
corresponding stripping charge. Stress data in the hydrogerd.1 V vs RHE appears to be sigaitly increased at the
adsorption region was excluded, where the CO-induced str@ssre positive adsorption potentials where CO can be oxidized
seems to decrease due to the increased compressive stre$onf the surface.
the Pt reference state. For this exercise, we assume a line&¥e have experimentally shown that the adsorption of CO
relation with a slope ofL.84 N/m. DFT calculations suggest onto (111)-textured Pt cantilever electrodes generates a
that assuming a linear stre®sponse is a reasonable compressive change in the surface stress. The magnitude of
assumption for coverages less thar Bplying this linear  the stress change correlatss order with the CO coverage
relation to thé~igure Sstress data for the potentiostatic pulsesand, within the detection limits of the stress measurement, is
in the CO-saturated electrolyte allows us to estimate the C@astically reversible. Similar levels of compressive stress have
coverage as a function of potential for the CO-saturatdsben measured for CO on Pt, adsorbed both electrochemi-
electrolyte and compare with the experimental values for tbally*'* and from the gas phdsén addition, rst-principles
CO-free electrolyte, as showiriipure 6. The solid lines are  calculations also predict sigaint compressive stress
simply a guide for the eye. The stress data suggests that tagBociated with CO adsorption ont&*Bt.
CO coverage can be maintained at more positive potentials3.4. Computational Predictions of CO Adsorption
when the CO adlayer is in equilibrium with the CO-saturatednto Pt. Adsorbate-induced surface stress is often discussed in
electrolyte, whereas the coverage fallst onore negative terms of charge transfer between the adsorbed species and the

4453 https://doi.org/10.1021/acs.jpcc.2c00134
J. Phys. Chem. ZD22, 126, 44464457


https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00134?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00134?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00134?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00134?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c00134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC

metal surface, resulting in a bond strength change in the
metaf?® °° In that strict context, the large compressive stress
that results from C© adsorption onto a Pt surface is
unexpected given that it is a charge neutral protiesae
considers the stress change expected from species that CO
displaces from the surface, the displacement of anions would
result in a negative charge and tensile stress since experimental
evidence to date suggests that anions have a negative stress-
charge coecient®*’ The displacement of adsorbed hydrogen
would result in a positive charge yet also cause tensile stress
since hydrogen has a positive stress-chargeietieon
Pt192%%% Neither of these explain the observed compressive
stress measured for CO adsorption. However, one proposed
mechanism that accounts for compressive stress is the
Blyholder model where the bonding is derived from two
contributions: 5donation and 2back-donation’ ***° The
5 orbital, which is completeled in the gas phase, becomes
E:E::”z ﬁg:f%t;/]v:lljlshﬂ;ﬁe?g?énggi/ﬂenrpggﬁgﬁl?ntt)e(er(;céi?oen Figure 7.Compu_ted surface stress relative to “that of bare Pt is
between the CO on the surface with the metal bands of the ﬁiported for Pt with a 0.25 ML coverage of CO."Bbed length

. ; ; label refers to the PEO distance, where 0 is the equilibrium-bonded
the net charge transfer is quite low. Molecular orbital (MOp; co. The curve serves as a guide for the eye.
theory supports the notion that CO adsorbs as a neutral

molecule; however, the electronic structure of the CO )
Our calculations also show that when CO approaches the Pt

molecule is changed considerably through orbital mixin S . .
within the metal angd CO orbitdls. y 9 ngface, the CO polarization increases, with electron density

DFT calculatiorié yield a CO adsorption stress @40 shifting from the C to the O. However, the sum of C and O

N/m for = 0.68 and 2.22 N/m for = 050" the latter Bader charge only changes slightly, as shbigniia &. This
being fairly cI.ose to ex’perimental value'52c’6 N/m for is consistent with the experimental observation that CO

similar coverage in UHY.Ha et al. proposed that the adsorbs as a neutral molecule. In addition to CO polarization,
compressive stress for CO adsorption can be due to chaﬁﬁ char%e IS rSed|st'r |b|l|JtectihbeEBW%en thhe top two I{;\éers %f the Pt
redistribution, which lowers the tensile stress inherent to tS I(?(;Jr:S Ialcg.rs gfe(l;ﬁac%lz,m i thae ‘rer:ocsta:‘:)gretshem direct?n bonded
clean Pt surface, citing the Blyholder model, as addition om (Pi)};md its nearest%eighbors in the second Ia);/er (the
ghargt_e cange transftﬁrreasi frotr_n thfe Pt ttr? tf(]zeO(iQ)tﬁﬁkl-Dt three P). The three equivalent bare Pt atoms adjacen} to Pt
ona ion). However, 1€ oionation from the 0 the ML in the top layer (B and P in the second layer change very
Wh'Ch. should result in Fensﬂe stress, was not dlSCUSS(ﬁﬂIe (also shown irrigure 8). The CO binding causes a
Density-of states—calculanons of Lm_%gc sallggest that the decrease in the electron density immediately at the bchded Pt
back-donation from Pt to CO rbitals dominates the 5,4 o increase in the nearest Pt atoms in layer 3vikhi®t
_blndlng of I.Dt CQ’ Wh'le. the donation from_CO to Pt IS less redistribution of electron density from the CO-bonded Pt in
important in this binding. _However, the_lr calculations alsg,q top layer to its nearest neighbors in the second layer can
show that after CO adsorption, the Fermi level of Pt has beef.-qunt for the observed stress change. This can be seen in
shifted negatively, meaning that there has been a net transfe,t@fure S5which shows the linear relationship between the
electrons from Pt to CO. This is consistent with experimentaly|culated stress and Bader charge ofit#tRough Iback
results showing that the work function of the Pt surface, wheiharge redistribution model typically considers charge transfer
covered with CO, increases by about 0.4 &/. associated with bond formation between the adsorbate and
We propose another explanation for the negative changedfipstraté* our calculations show that adsorbate-induced

stress upon CO adsorption: the redistribution of electrongharge redistribution within the substrate can give rise to
from the Pt bound to the CO to the second atomic layer of P&imilar changes in surface stress.

atoms. We explored this possibility through DFT simulations
of a CO molecule approaching a Pt surface for a CO surfaée CONCLUSIONS

coverage of 1/4 monolayer (ML). The CO distance from theco oxidation on Pt has been extensively studied but there is
surface gives us an additional parameter to explore tBf|| an incomplete understanding behind the origin of
relationship between the charge distribution and the surfaggmpressive stress that results from the adsorption of CO on
stress. In the absence of CO, we calculate a surface stress @luganipulation of the CO behavior on metal surfaces to
for Pt(111) of + 4.79 N/m. This intrinsic tensile stress of clearhdvance renewable technologies like ethanol or methanol fuel
metal surfaces is due to redistribution of the charge from thells relies on descriptotsat originate from robust
undercoordinated Pt at the surface and consequent increasg@ddamental explanation. This report highlights the dynamics
bond strength between surface aténds CO is moved  between Pt and CO within the onset potential window for CO
toward the Pt surface, this excess tensile stress decreasgdation. Within this window, the coverage of CO on a (111)-
approximately linearly (for short distances), as shéiguia textured Pt surface is extremely sensitive to the concentration
7. We calculate a stress change 1065 N/m for a CO of CO in solution, demonstrating aedéence in the coverage
coverage of 1/4 ML. This is consistent with thé5 N/m of 0.3 equivalent to0.5 N/m in stress at0.6 V between
value calculated by Ha et al. for similar CO covérage. saturated CO and CO-free solution. Furthermore, DFT
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