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ABSTRACT:The change in surface stress associated with the adsorption and oxidative stripping of
carbon monoxide (CO) on (111)-textured Pt is examined using the wafer curvature method in 0.1 mol/
L KHCO3 electrolyte. The curvature of the Pt cantilever electrode was monitored as a function of
potential in both CO-free and CO-saturated electrolytes. Although CO adsorbs as a neutral molecule,
signi� cant compressive stress, up to� 1.3 N/m, is induced in the Pt. The magnitude of the stress change
correlates directly with the CO coverage and, within the detection limits of the stress measurement, is
elastically reversible. Density functional theory calculations of a CO-bound Pt surface indicate that
charge redistribution from the� rst atomic layer of Pt to subsurface layers accounts for the observed
compressive stress induced by the charge neutral adsorption of CO. A better understanding of
adsorbate-induced surface stress is critical for the development of material platforms for sensing and
catalysis.

1. INTRODUCTION
Electro-organic reactions, where energy is either stored or
released from chemical bonds within carbon-based molecules,
are essential to help achieve a circular carbon-based
economy.1,2 Central to the electrochemical conversion of
organic molecules is carbon monoxide (CO), which serves as
both an intermediate in electrochemical CO2 reduction to
hydrocarbons and electrochemical oxidation in fuel cells that
operate via oxygenated hydrocarbons (e.g., ethanol, meth-
anol).3,4 For the latter, Pt has been the predominant catalyst of
choice, and substantial e� ort has been spent to identify the
mechanistic details for the complete oxidation of alcohol-based
fuels. With CO conversion serving as an important if not rate-
limiting step of the oxidative process, it is critical to understand
the state of a catalytic surface when CO is present.

The adsorption of CO is a purely chemical step that is
generally irreversible. The CO-Pt binding energy of 96.5 kJ/
mol is rather small compared to the 1072 kJ/mol dissociation
energy of the CO triple bond5,6 but is larger than most
competitive adsorbates (such as H) and will readily displace
such species from the Pt surface.7,8 The binding of CO to Pt is
understood in terms of the Blyholder model where only the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of the molecule are
involved in the bonding.5,9� 11 In this model, the bonding is
derived from two contributions: the 5� donation and 2� back-
donation. Although there is signi� cant electron interaction, the
net charge transfer is quite low, supporting the experimental
� ndings that CO adsorbs as a neutral molecule.12

The adsorption of CO as a neutral molecule should induce
little surface stress change in the substrate; however, signi� cant

compressive stress has been measured for CO on Pt, adsorbed
both electrochemically13,14 and from the gas phase.15 First-
principles calculations also predict signi� cant compressive
stress associated with CO adsorption onto Pt.13,16 Ibach has
proposed a charge redistribution model, which argues that the
sign of the adsorbate-induced surface stress should depend on
the direction of the charge transfer that is involved in the
formation of the surface bonds.17 Electron-donating adsor-
bates, such as Cs on Ni(111), increase tensile stress because
the electrons they donate to the outer metal layer strengthen
in-plane bonds, while electron-withdrawing adsorbates, such as
halides on Au, relieve tensile stress. However, this simple
correlation lacks generality in that theoretical and experimental
results clearly show that the adsorption of both H and O
relieves the tensile stress on the Pt(111) surface,18� 21 even
though O adatoms polarize charge away from the substrate,
while H polarizes charge toward the substrate.

In this work, we explore the dynamic stress behavior
associated with CO adsorption onto Pt in 0.1 mol/L KHCO3
electrolyte. This was done via two independent stress
measurement platforms using cantilever curvature measure-
ments. The curvature of a Pt cantilever electrode was
monitored as a function of potential in both CO-free and
CO-saturated electrolytes. Stripping voltammetry was used to
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quantify the corresponding CO coverage. This allowed us to
determine the adsorbate-induced biaxial stress vs CO coverage
and guided subsequent computational simulations of charge
redistribution mechanisms. Computational simulations predict
that interactions between surface and subsurface atomic layers
of Pt may be the source of the compressive stress induced by
CO adsorption.

2. METHODS
2.1. Electrochemical Measurements. The electrolyte for

all experiments was 0.1 mol/L KHCO3 prepared by sparging
0.05 mol/L K2CO3 solution (Alfa Aesar, Puratronic#) with 20
sccm CO2 overnight. Ultrapure water (18.3 M� -cm, Hydro,
Picopure UV Plus) was used throughout the study. The pH of
the as-prepared solution was 9.5. The electrochemical cell was
an airtight single-compartment borosilicate cell sealed by an o-
ring and Te� on cap. A glass disk was joined to the back of the
cell to allow it to be held and positioned by a standard mirror
mount on the optical bench. A full description of the cell is
given elsewhere.22 For these CO experiments, the cell was
modi� ed by inserting compression� ttings into the Te� on cap
to accommodate three poly(tetra� uoroethylene) (PTFE)
tubes (0.8 mm ID, 1.6 mm OD) to serve as a Luggin capillary,
a gas purge line, and a separate gas return line. The Luggin
capillary and purge line were inserted into the electrolyte, while
the return line was positioned in the headspace of the cell. The
Luggin capillary was� lled with 1.0 mol/L KHCO3 and
contained a� ne “leakless” frit at the end to prevent leakage
into the electrolyte. Gas� ow was controlled by a mass� ow
controller (Alicat Scienti� c) with separate feed lines for argon
(Ar) and carbon monoxide (CO). Working with CO is
hazardous; any experiments with CO were conducted with
veri� ed gas-tight equipment in rooms equipped with several
CO monitors including personal CO monitors for users. The
counter electrode was a Pt screen placed parallel to the
cantilever working electrode. The reference electrode was the
saturated mercury/mercurous sulfate (SSE) and was placed
outside of the electrochemical cell but was connected to the
electrolyte by the fritted Luggin capillary. Potentials are
referenced to SSE, except where speci� ed. Potential control
was maintained using an EG&G Princeton Applied Research
Corp. model 273 potentiostat� galvanostat controlled by in-
house LabView software. All measurements were made at
room temperature.

2.2. In Situ Curvature Measurements and Cantilever
Fabrication. In situ stress measurements were made on a
vibration-isolating optical bench using the cantilever bending
method. The cantilever was a Si� 100� (WRS Materials) strip
measuring 60 mm× 3.8 mm× 0.115 mm. Young’s modulus
and Poisson ratio of the Si were 130× 109 N/m2 and 0.28,
respectively. A 6 nm thick adhesion layer of titanium (Ti) and
a subsequent 90 nm� lm of platinum (Pt) were sputtered onto
one side of the cantilever. The (200) re� ection was completely
absent in X-ray di� raction patterns (Figure S1inset), and the
(111) rocking curve typically had a full width at half-maximum
of 4.8° indicative of a strong (111) crystallographic
orientation.23 Based on the curvature of the cantilever in air
following sputtering, the Pt was under compressive stress. The
electrochemically active surface area (roughness factor), as
determined by hydrogen adsorption/desorption was 1.05. A
typical voltammogram is shown in the Supporting Information
(SI), Figure S1. The top portion of the cantilever was masked
with vinyl electroplating tape (3 M) to expose a cantilever

length of 25 mm. The curvature of the substrate was
monitored while in the electrolyte and under potential control.
The relationship between the force per cantilever beam width,
� Fw, exerted by processes occurring on the electrode surface
and the curvature change (� � ) induced in the cantilever is
given by Stoney’s equation24

�

�
� =

�

Š
F

Yh

6(1 )w
s s

2

s (1)

whereYs, � s, andhs are Young’s modulus, Poisson ratio, and
thickness of the Si substrate, respectively. The initial value of
� Fw is arbitrarily set to zero at the beginning of the
measurement. Since only surface processes are examined in
this paper, we will refer to� Fw as the change in surface stress
and designate it as� f.

Two in situmethods were used to monitor the curvature of
the cantilever electrode. The� rst re� ects a 1 mW HeNe laser
o� of the polished Si side of the cantilever and onto a position-
sensitive detector (PSD). A small-angle approximation was
used to estimate the curvature of the Si cantilever directly from
the re� ected laser position on the PSD. A more detailed
description of this optical bench and methods used for
estimating the curvature are published elsewhere.25,26 The
advantage of this system is the speed at which the stress data
can be collected. Collection speeds of 500 Hz have been
reported,27 but in this study, stress data is typically collected at
50 Hz. The second advantage of this system is the high surface
stress resolution. Surface stress changes of 10� 3 N/m can
typically be resolved from cantilever electrodes while in
solution.26 The disadvantage of this system is that a single,
stationary laser measures only the change in curvature, rather
than absolute curvature, by measuring the change in position
of the re� ected beam. It also interprets all cantilever movement
as a change in curvature, i.e., stress. This makes stress
measurements under the gas bubbling conditions used here
extremely challenging. For this reason, the single laser system
was primarily used in voltammetric and potential pulse
experiments where the solution was quiescent, and the
measurement time was short enough to negate the in� uences
of drift.

A multibeam optical stress sensor (MOSS), similar to that
described in previous studies,28� 30 was also used to measure
cantilever curvature. This apparatus consists of an 18 mW
AlGaInP (658 nm) diode laser, an etalon that generates three
parallel laser beams, a beam splitter, mirrors, servos for mirror
control, and a CCD video camera. The change in cantilever
curvature,� � , is given by

�
�

� =
ŠD D

D L

( ) cos( )
2

i

o (2)

whereD is the average spacing between adjacent laser spots
re� ected onto the CCD camera,Di is the average initial
spacing,Do is the spacing between the parallel incident beams,
L is the distance between the cantilever and CCD, and� is the
angle of incidence (typically equal to zero).Do was determined
prior to the experiment by replacing the electrochemical cell
with a � at mirror. Spot coordinates on the CCD were
determined using Vision Builder (National Instruments) image
processing software and LabView. Two computer-controlled
servos (Kinesis) center the laser spots onto the CCD to negate
laser drift. Potential control was maintained using a Biologic
SP-200 potentiostat and EC-Lab software. The typical stress
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resolution with this system is approximately 0.06 N/m, a factor
of 60 less than the single laser de� ection system. In addition,
due to the mirror servos, data acquisition is reduced to 0.5 Hz.
The primary advantage of the MOSS system is that the
measurement tends to be less sensitive to vibrations. If the
three laser spots are impacted equally, the spot locations
change, but the distance between the spots (� D) remains
unchanged.

For the reasons discussed above, the MOSS was used to
measure the steady-state stress associated with CO adsorption
and electrochemical stripping from Pt cantilever electrodes.
Stress measurements were made only in the absence of gas
bubbling. The electrolyte was� rst deaerated with Ar at a� ow
rate of 15 mL/min for 1 h while the potential was set to the
desired value for CO adsorption,Eads. Gas� ow was stopped,
and the initial curvature of the cantilever was measured using
the MOSS. A typical measurement was made for 2 min and
consisted of about 60 data points. CO was then introduced
into the cell at a� ow rate of 3 mL/min. Saturation, a
concentration of approximately 1 mmol/L, was achieved in 10
min. Gas � ow was stopped, and a second curvature
measurement was made. The di� erence represents the stress
change for CO adsorption atEads in equilibrium with a CO-
saturated solution. Ar was then bubbled at a rate of 15 mL/min
to � ush the CO from solution. A third curvature measurement
was made, representing the stress change for CO adsorption at
Eadswhen CO is absent from the electrolyte. The adsorbed CO
was then electrochemically stripped from the Pt while the
charge and stress change were measured.

Although the curvature measurements were made in the
absence of gas� ow, to associate the curvature change with CO
adsorption, one must assume that curvature was not a� ected
by gas bubbling. This assumption was tested for the two� ow
rates used during a typical CO adsorption cycle at a� xed
potential of� 0.2 V vs SSE. The results, discussed in theSI
(see the Uncertainty in Curvature Measurement during Gas
Bubbling section and Figure S2), generate an overall
uncertainty in the measurement, given by the following
expression

� � � �= + +(( ) )T i f
2

b
2 1/2

(3)

where� T is the total uncertainty in the measurement,� i and� f
are the standard deviations of the initial and� nal stress
measurements, respectively, and� b is the average error
introduced by gas bubbling, as shown inFigure S2. The � b
values used were 0.02 and 0.06 N/m for� ows of 3 and 15 mL/
min, respectively. The� T values are represented as error bars in
the stress plots.

2.3. Computational Details. We performed density
functional theory (DFT) calculations within the generalized
gradient approximation (GGA) to� nd the stress of Pt(111)
and Pt(111) with 0.25 monolayer (ML) CO in the atop
position. All calculations used Quantum Espresso, version 6.7
GPU, with a plane-wave cuto� of 120 Ry, the Perdew� Burke�
Ernzerhof (PBE)31 exchange� correlation potential, and
Pseudo-Dojo pseudopotentials (C.upf, O-high.upf, Pt-
sp.upf)32,33 generated with ONCVPSP 3.3.1.34 The unit cell
had 6 Pt layers and was sampled with a 6× 6 × 1 k-point mesh
(1 1 0 o� set). To prevent spurious interactions, we applied the
vacuum e� ective screening medium (ESM) method boundary
condition and used a cell height of 70 Bohr cell.35 We� nd our
value of 4.79 N/m for the Pt(111) surface stress in good
agreement with GGA calculations from the literature.13,36

Additionally, Ha et al. report a 1/4 ML CO coverage stress of
� 1.55 N/m, also for a 6 Pt layer unit cell.13 We� nd our value
of � 1.65 N/m in good agreement with these results. We note
that these calculations are for CO binding to a clean Pt surface,
and future work could include the contributions of water on
the Pt surface.

3. RESULTS AND DISCUSSION
3.1. Electrochemical and Stress Response of Pt to CO.

The rest potential of the Pt cantilever electrode in Ar-purged
0.1 mol/L KHCO3 is near� 0.115 V vs SSE. After 10 min of
CO sparging to saturate the electrolyte, the rest potential shifts
in the negative direction to� 0.68 V, re� ecting the adlayer of
CO on the Pt surface.Figure 1shows the voltammetry (a) and
surface stress response (b) of the cantilever electrode with and
without CO present in solution. In the absence of CO, the
voltammetry is dominated by hydrogen adsorption/desorption
at negative potentials and PtO formation/reduction at positive

Figure 1.(a) Potentiodynamic scan and (b) surface stress response
(� f) of a (111)-textured Pt cantilever electrode in 0.1 mol/L KHCO3,
with (blue curve) and without (red curve) the CO-saturated
electrolyte. Although� f is arbitrarily set to 0 at the beginning of
the experiment, the CO-sat stress curve in panel (b) was shifted along
the stress axis to highlight the identical response with the CO-free
curve in the PtO region. The sweep rate was 25 mV/s, and the
solution pH was 9.5.
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potentials. The stress is compressive in both regions and shows
hysteresis associated with oxide formation. As expected, the
stress response for hydrogen adsorption/desorption is fairly
reversible. In the presence of CO, the voltammetry indicates
that CO completely prevents hydrogen adsorption onto Pt due
to the absence of the symmetric peaks between� 1.1 and� 0.8
V vs SSE inFigure 1a. In CO, as the potential is scanned in the
positive direction, CO oxidation begins near� 0.90 V/SSE and
shows two current peaks at about� 0.5 and� 0.35 V. The two
CO oxidation peaks are well positive of the standard potential
for CO oxidation of� 0.11 V vs RHE (�� 1.2 V vs SSE), which
is partly due to the blocking nature of the CO adlayer,
e� ectively preventing the water molecules, necessary for CO
oxidation, from reaching the Pt surface.37,38 The higher anodic
current in the CO-saturated electrolyte following CO stripping
(Figure 1a) is due to the bulk oxidation of CO in solution.

The oxidation of adsorbed CO follows the Langmuir�
Hinshelwood mechanism,39 where the adsorbed CO reacts
with the adjacently adsorbed oxygenated species

Š + Š � + + ++ ŠPt CO Pt OH 2Pt CO H e2 (4)

leaving two open Pt sites where anion adsorption can follow.
On polycrystalline Pt electrodes in acidic electrolyte, the
primary CO oxidation peak often appears as two peaks, like
that shown inFigure 1a, when CO is adsorbed atEads� 0.3 V
vs RHE. The two peaks likely correspond to the oxidation of
CO adsorbed on di� erent surface sites, which is supported by
corresponding FTIR spectra.37 The latter peak alone is
observed forEads� 0.3 V vs RHE. In 0.1 M NaOH electrolyte
(pH 13), CO oxidation begins at more negative potentials than
in acidic solution and exhibits three oxidation peaks prior to Pt
oxidation,13 in contrast to what we observe in 0.1 M KHCO3
(pH 9.5).

The stress response with and without CO in solution is
shown inFigure 1b. The curves were adjusted along the stress
axis to highlight the fact that the responses in the PtO region
superimpose. The bulk oxidation of CO in solution has no
stress signature, as noted by Ha et al.13 The most striking
feature when CO is present is the compressive stress change
induced in the Pt cantilever by CO adsorption. As the potential
is swept cathodically from the PtO region, CO adsorption
begins at about� 0.45 V, where the stress response begins to
move in the compressive direction with respect to the curve for
CO-free Pt. The adsorption of CO may even facilitate the
reduction of PtO through its oxidation to CO2.

40 A maximum
stress di� erence of� 1.3 N/m is seen at a potential of about
� 0.85 V. This represents the stress di� erence between an
anion-covered Pt surface (at potentials approaching hydrogen
adsorption) and the CO-covered Pt surface. The stress
response due to hydrogen adsorption is completely absent
on the CO-covered Pt surface, similar to the voltammetric
response.

As the potential is swept in the anodic direction from� 1.1
V, the stress moves very slightly in the tensile direction with no
corresponding electrochemical response. Molecular orbital
calculations for CO chemisorption on Pt suggest that an
increase in anodic potential results in a decreased back-
donation from Pt to the� * level of CO.41 This is in good
agreement with experimental results showing a decrease in the
Pt� C and an increase in the C� O stretching frequencies with
increased anodic potential, as a result of weakening of the
back-donation bond to the surface.42 This increased surface
charge density in the Pt can account for the observed tensile

stress in this potential region. As the potential is further
increased, an abrupt tensile increase is observed at about� 0.5
V, about 0.3 V positive of initial CO oxidation, suggesting that
the loss of loosely bound CO has little impact on the surface
stress. The largest change in stress occurs at the voltammetric
trough between the two current peaks. In this potential region,
the stress responds to both the removal of CO and the
adsorption of anions onto the Pt surface. Eventually, the stress
becomes compressive and replicates the response for OH
adsorption in the absence of CO in solution.

The rate and potential dependence of CO adsorption were
examined by pulsing the potential from an initial value of� 0.2
V, which is positive of the CO stripping potential but negative
of PtO formation, to more cathodic potentials for 100 s and
then returning the potential to� 0.2 V. The results are shown
in Figure 2. In the absence of CO (Figure 2a), normal
electrocapillarity is observed. The stress response is tensile and
stabilizes within the 100 s pulse. Both the addition of negative
charge and anion desorption are expected to produce tensile
stress, consistent with Ibach’s charge redistribution model.17

When the pulse potential reaches� 0.9 V, there is a slight
decrease in the stress due to the onset of hydrogen adsorption.
This is clearly evident at� 1.0 V where the postpulse stress fails
to reach the values of the previous pulses and the stress moves
in the compressive direction at a rate that appears to be
di� usion-controlled.

When CO is added to the electrolyte (Figure 2b), the tensile
to compressive transition occurs� 0.5 V more positive
(between� 0.4 and� 0.5 V). A pulse potential of� 0.4 V
shows a slight downward de� ection while the response for
� 0.5 V is clearly moving in the compressive direction. This
continues for all pulse potentials examined negative of� 0.4 V.
Similar to the curve for hydrogen adsorption inFigure 2a, the
stress should respond to the double layer charge from the
potential step, followed by the adsorption of CO onto the Pt
surface. The CO can in� uence the stress in several ways, by
altering the charge density on the Pt surface (either by direct
charge transfer or by causing a charge redistribution in the Pt),
by shifting the potential of zero charge (pzc) of the Pt, and by
adsorbate� adsorbate interactions when at high coverage.

Figure 2c shows a plot of the net stress change for pulses
shown inFigure 2a,b. The magnitude of the stress change is
similar for both pulse directions. In the CO-free electrolyte, the
stress reaches a maximum tensile value at� 0.9 V at which
point compressive stress due to hydrogen adsorption comes
into play. When CO is present, the compressive stress due to
its adsorption begins just negative of� 0.4 V. The fact that the
stress response is the same in the� 0.2 to � 0.4 V range,
whether CO is present or not, indicates that CO does not
adsorb at these potentials. The shape of the curves inFigure 2c
is quite similar to the cathodic stress response shown inFigure
1b. Compressive stress occurs at more positive potentials when
CO is present in solution. The di� erence between the two sets
of curves inFigure 2c at� 0.9 V is about� 1.28 N/m, which is
nearly identical to the CO-induced stress obtained from the
Figure 1b voltammetry at this potential.

The surface stress response to the potentiostatic pulses
shown inFigure 2b suggests that CO coverage and the stress
induced over the� rst 100 s of CO adsorption have a potential
dependence in the range of� 0.4 to� 0.8 V. The stress levels
o� at more cathodic potentials. Ibach has examined the CO
stress response on Pt(111) in UHV as a function of coverage
and� nds a linear relationship at low coverage where the stress

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

https://doi.org/10.1021/acs.jpcc.2c00134
J. Phys. Chem. C2022, 126, 4446� 4457

4449

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


is due to adsorbate� surface interactions.15 At increased
coverage, there is an additional compressive contribution due
to adsorbate� adsorbate interactions. Similar nonlinear behav-
ior has also been suggested through DFT calculations.13

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 reported.13,14

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(111)12 whose
structure and coverage are well known from STM.43 The
displaced charge density of� 104� 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 CO2. However, 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 Clavilier44 to
determine CO coverage that has become widely used in the
literature.8,12,45� 49 The electrolyte is� rst 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 atEads while 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 CO2 by sweeping the potential fromEads to a
potential where CO is completely oxidized,Eox. 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 at a� xed potential. The CO in
solution had been removed by Ar purging prior to stripping the
CO adlayer. Examples from both stress measurement
techniques, discussed inSection 2.2"In situ Curvature
Measurements and Cantilever Fabrication", demonstrate that
similar stress/potential pro� les can be obtained for numerical
evaluation. The initial voltammetric cycle (Figure 3a,c) shows
the absence of hydrogen desorption as the potential is
increased fromEads. With a further increase in potential, the
2-electron oxidation of adsorbed CO to CO2 appears as two
separate current peaks. A single oxidation peak was observed,
when stepping by 25 mV increments, forEads � � 0.7 V (for
example, see SI,Figure S3). 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, denoted as#3 inFigure 3a,b,
is identical to CV#2, indicating that all CO, present in the
system, was oxidized on the� rst cycle. Following CO stripping,
hydrogen adsorption returns at potentials negative of� 0.8 V.
Although the characteristic features seen on clean Pt (Figure
S1) are absent, they tend to return with continued cycling
under an Ar purge. We also note that the hydrogen desorption
charge from clean Pt and from freshly stripped Pt is essentially
identical, suggesting that the CO cycle causes no signi� cant
area change to this particular Pt surface.

The corresponding changes in surface stress are shown in
Figure 3b,d. The stress was arbitrarily set to zero at the
beginning of the� rst voltammogram. Initially, the stress
remains relatively constant during the potential sweep before
increasing in the tensile direction as the CO is oxidized from
the Pt surface. The stress does not re� ect the apparent two
separate CO oxidation peaks that appear in the voltammetry.
As seen previously in the CO-saturated solution (Figure 1), the

Figure 2. Surface stress response (� f) of a (111)-textured Pt
cantilever electrode to potentiostatic cathodic pulses from a starting
potential of� 0.20 V vs SSE in 0.1 mol/L KHCO3 saturated with (a)
Ar (CO-free) or (b) CO. The pulse duration was 100 s, followed by a
return pulse to� 0.20 V for 75 s. (c) The average net stress change for
both cathodic and return pulses shown in panels (a) and (b).
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stress reaches its maximum at the trough between the two
peaks, suggesting that OH� adsorption becomes the dominant
process as the potential is further increased. Upon reduction of
the PtO, the stress once again becomes tensile before turning
compressive again in the hydrogen adsorption region. Because
CO is no longer present in solution, readsorption does not
occur on the return sweep and the stress response is similar to
that shown inFigure 1b for the CO-free electrolyte. It should
be noted that once the CO is removed from the surface, the
stress response is identical to the subsequent background
response for Pt, again indicating that all CO has been removed
during the stripping cycle. The CO-induced stress can be
estimated from the stress di� erence atEads. In the cases
provided here, a stress change of� 0.90 N/m was measured
from a CO layer adsorbed atEads = � 1.0 V using the single
HeNe laser, while a similar stress change of� 0.95 N/m was
measured from a CO layer adsorbed atEads= � 1.025 V using
the MOSS. These stress values do not represent the absolute
stress induced by CO to the Pt surface; rather, it represents the
di� erence between the stress state of a CO-covered Pt surface
and a surface with mixed coverage of adsorbed hydrogen and
anions that would normally be present on the surface atEadsin
CO-free solution.

Signi� cant e� ort has been made to quantify the CO
coverage electrochemically by means of stripping voltammetry
with appropriate double layer corrections.37,44� 47 CO cover-
ages determined from this technique are generally in line with
those determined spectroscopically.37,46 A series of electro-

chemical measurements must be made to capture the changes
in double layer capacitance due to CO adsorption, as well as
the charge contributions from anion adsorption/desorption.
The charge associated with the entire sequence is

= Š +q q q q( )
CO,F T dis b (5)

whereqCO,F is the net faradic charge density for the two-
electron oxidation of the CO adlayer to CO2 and qT is the total
charge obtained from the initial voltammetric sweep fromEads
to Eox, like that shown inFigure 3a,c (the CO stripping
charge). The two additional terms ineq 5consist ofqb, the
background charge measured betweenEads and Eox in the
absence of the CO layer, andqdis, the displacement charge
measured atEadsupon desorbing the CO adlayer. The quantity
(qb + qdis) equals the overall charge density for double layer
charging betweenEadsandEox involving desorption of the CO
adlayer without oxidizing it, whereasqT refers to the same
potential sweep but now including the faradic charge for
converting adsorbed CO to CO2. The value ofqb is obtained
by integrating the voltammetric current measured in the
absence of chemisorbed CO betweenEads and Eox, i.e., the
voltammogram(s) following CO stripping. The quantityqdis
re� ects the fact that atEads, either hydrogen or anions are
adsorbed onto the clean Pt surface once the CO has been
removed; however, the quantity -qdis is generally obtained by
examining the opposite process, i.e., the CO adsorption step.
Although CO adsorbs as a neutral molecule, one observes a

Figure 3.(a) Stripping voltammetry and (b) surface stress response (� f) of a (111)-textured Pt cantilever electrode in CO-free 0.1 mol/L KHCO3
following CO adsorption atE = � 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 response (� f) of a (111)-textured Pt cantilever electrode in CO-free 0.1 mol/L KHCO3 following CO
adsorption atE = � 1.025 V from CO-saturated solution using a MOSS to measure the cantilever curvature.
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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.37 In 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 captured for qdis.

As an example, we have applied this technique to the
voltammetry shown inFigure 3a. Integration of the stripping
current fromEads= � 1.0 V toEox = + 0.20 V for the stripping
and subsequent voltammogram yields a value of 243� C/cm2

for the quantityqT� qb. 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, makes
it di� cult to detect the displacement current from the
background needed forqdis. However, a study focusing on
the potential dependence ofqdis at potentials negative of CO
oxidation indicates that the di� erence betweenqdis at two
potential values is identical to integrating the background
voltammogram between the same potential limits.45 A plot of
� qdis vs Eads, obtained by this method and used ineq 5, is
shown in the SI,Figure S4. An EPZTC value of� 0.80 V is
obtained from the plot, very similar to that of� 0.81 V (+ 0.28
V vs RHE) reported by Cuesta for polycrystalline Pt.37 Going
back to theFigure 3a example for CO adsorption at� 1.0 V,
� qdis is generated due to the oxidative displacement of H from
the Pt surface. The value of� qdis obtained fromFigure S4at a
potential of� 1.0 V is 85� C/cm2. Adding� qdis to qT� qb
above results in a faradic charge for CO oxidation of 328� C/
cm2, re� ecting a CO coverage (	 ) of 0.68 (normalized to the
metal atomic density of 1.50× 1015 atoms cm� 2 for Pt(111)).
This compares nicely to the maximum CO coverage of 0.68
reported for Pt(111) in the CO-free electrolyte.37 The same
procedure applied toFigure 3c yields a CO coverage of 0.69
for Eads= � 1.025 V.

3.3. Deriving CO Coverage from Stress Measure-
ments. Measurements, similar to those shown inFigure 3c,d
using the MOSS, were made over a potential range of� 0.5 to
� 1.1 V to determine the stress change associated with CO
adsorption in both CO-saturated and CO-free electrolytes, as
well as the stress and charge associated with voltammetric
stripping of the CO from the Pt surface.Figure 4shows a plot
of CO coverage as a function of adsorption potential, obtained
from stripping voltammetry using the procedure outlined
above. The CO coverage ranges from 0.73 at the most negative
potential down to 0.04 as the adsorption potential moves in
the positive direction. These values represent the CO coverage
in the CO-free electrolyte. The solid line in the� gure is simply
a guide for the eye. An extrapolation of this line indicates that
CO adsorption occurs at potentials negative of� 0.4 V,
consistent with the stress response to the potentiostatic pulses
in Figure 2c. The observed decrease in CO coverage with
increasing adsorption potential is somewhat more prominent
than that reported over a similar potential range for
polycrystalline Pt in 0.1 M HClO4.

37 This might be due to
the higher pH in 0.1 mol/L KHCO3.

50

The corresponding stress measurements are shown inFigure
5. As outlined inSection 2.2, the steady-state curvature of the

cantilever was measured prior to introducing CO into the cell,
following 10 min of CO purging at 3 mL/min and following 30
min of Ar purging at 15 mL/min. The curvature di� erence
following the CO purge and the initial value represents the
CO-induced stress for an adlayer in equilibrium with a CO-
saturated solution. The curvature di� erence following the Ar
purge and the initial value represents the CO-induced stress for
an adlayer in CO-free solution. In addition to these steady-
state stresses, the stress change associated with voltammetric
stripping, as well as the stress obtained from theFigure 2pulse
experiments in the CO-saturated solution, are shown. Because
the reference state for the voltammetric stripping measure-
ments is the CO-free Pt surface atEads, the pulse data plotted
in Figure 5is the di� erence between the CO-saturated and

Figure 4.CO coverage as a function of potential for CO adsorption
from CO-saturated solution followed by voltammetric stripping in
CO-free 0.1 mol/L KHCO3. Error bars represent the standard
deviation for multiple measurements made at a given potential. The
solid curve is a guide for the eye.

Figure 5.CO-induced surface stress change (� f) measured by the
MOSS during the CO adsorption cycle at� xed potential; following
CO purging at 3 mL/min for 10 min (red), following Ar purging at 15
mL/min for 30 min to remove the CO from solution (blue), following
surface CO removal by voltammetric stripping (green), and the
di� erence between the CO-saturated and CO-free stress values
obtained from the potentiostatic pulses shown inFigure 2c (black).
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CO-free values plotted inFigure 2c. 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 re� ect 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
approaches� 1.1 V is not due to a loss of CO coverage but to
an increase in hydrogen coverage of the Pt reference state (see
Figure 2c). DFT calculations indicate that both a 1× 1
monolayer of H and a full monolayer of CO (	 = 0.68)
produce a stress of about� 4.5 N/m.13,18

Cuesta has examined the equilibrium CO coverage on
Pt(111) electrodes, held atEads= 0.1 V vs RHE, in 0.1 mol/L
H2SO4 as a function of the CO partial pressure in equilibrium
with the electrolyte. CO coverage was quanti� ed using 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
0.68.51 Although a similar decrease in the CO surface coverage
should occur between the CO-saturated and CO-free electro-
lytes at the more negative potentials inFigure 5, the 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 mV.52 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 during
its formation with the second measured during its removal.
The similar stress values during CO formation and removal
also suggests that the Pt surface does not undergo any
structural changes that might be sensitive to a surface stress
measurement, at least within the resolution of these measure-
ments, about±0.06 N/m.

The CO coverage di� erence between CO-saturated and
CO-free solutions can be estimated from the stress with
knowledge of the stress� coverage relationship over this range
of potentials.Figure 6a shows a plot of the stripping stress
(from Figure 5) vs the CO coverage obtained from the
corresponding stripping charge. Stress data in the hydrogen
adsorption region was excluded, where the CO-induced stress
seems to decrease due to the increased compressive stress of
the Pt reference state. For this exercise, we assume a linear
relation with a slope of� 1.84 N/m. DFT calculations suggest
that assuming a linear stress response is a reasonable
assumption for coverages less than 0.6.13 Applying this linear
relation to theFigure 5stress data for the potentiostatic pulses
in the CO-saturated electrolyte allows us to estimate the CO
coverage as a function of potential for the CO-saturated
electrolyte and compare with the experimental values for the
CO-free electrolyte, as shown inFigure 6b. The solid lines are
simply a guide for the eye. The stress data suggests that high
CO coverage can be maintained at more positive potentials
when the CO adlayer is in equilibrium with the CO-saturated
electrolyte, whereas the coverage falls o� at more negative

potential when CO is absent from solution. The di� erence in
the equilibrium CO coverage that Cuesta51 measured as a
function of the CO partial pressure in 0.1 mol/L H2SO4 atEads
= 0.1 V vs RHE appears to be signi� cantly increased at the
more positive adsorption potentials where CO can be oxidized
from the surface.

We have experimentally shown that the adsorption of CO
onto (111)-textured Pt cantilever electrodes generates a
compressive change in the surface stress. The magnitude of
the stress change correlates� rst order with the CO coverage
and, within the detection limits of the stress measurement, is
elastically reversible. Similar levels of compressive stress have
been measured for CO on Pt, adsorbed both electrochemi-
cally13,14 and from the gas phase.15 In addition,� rst-principles
calculations also predict signi� cant compressive stress
associated with CO adsorption onto Pt.13,16

3.4. Computational Predictions of CO Adsorption
onto Pt. Adsorbate-induced surface stress is often discussed in
terms of charge transfer between the adsorbed species and the

Figure 6.(a) CO-induced stress (� f) measured during CO stripping
as a function of CO surface coverage. The coverage was determined
from CO stripping charge usingeq 5while the stripping stress (� f)
was taken fromFigure 5. (b) Coverage vs potential plot for the CO-
saturated electrolyte calculated from theFigure 5stress values from
potentiostatic pulses, using the linear relationship in panel (a). The
CO-free coverage was taken from panel (a). The solid lines are only a
guide for the eye.
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metal surface, resulting in a bond strength change in the
metal.53� 55 In that strict context, the large compressive stress
that results from CO’s adsorption onto a Pt surface is
unexpected given that it is a charge neutral process.12 If one
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 coe� cient.56,57The displacement of adsorbed hydrogen
would result in a positive charge yet also cause tensile stress
since hydrogen has a positive stress-charge coe� cient on
Pt.19,21,58 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: 5� donation and 2� back-donation.5,9� 11,59 The
5� orbital, which is completely� lled in the gas phase, becomes
partially empty, while the originally empty 2� orbitals become
partially� lled. Although there is signi� cant electron interaction
between the CO on the surface with the metal bands of the Pt,
the net charge transfer is quite low. Molecular orbital (MO)
theory supports the notion that CO adsorbs as a neutral
molecule; however, the electronic structure of the CO
molecule is changed considerably through orbital mixing
within the metal and CO orbitals.9

DFT calculations13 yield a CO adsorption stress of� 4.40
N/m for 	 = 0.68 and� 2.22 N/m for	 = 0.50,13 the latter
being fairly close to experimental values of� 2.6 N/m for
similar coverage in UHV.15 Ha et al. proposed that the
compressive stress for CO adsorption can be due to charge
redistribution, which lowers the tensile stress inherent to the
clean Pt surface, citing the Blyholder model, as additional
charge can be transferred from the Pt to the CO (2� back-
donation). However, the 5� donation from the CO to the Pt,
which should result in tensile stress, was not discussed.
Density-of states-calculations of Lin et al.59 suggest that the
back-donation from Pt to CO 2� orbitals dominates the
binding of Pt� CO, while the� donation from CO to Pt is less
important in this binding. However, their calculations also
show that after CO adsorption, the Fermi level of Pt has been
shifted negatively, meaning that there has been a net transfer of
electrons from Pt to CO. This is consistent with experimental
results showing that the work function of the Pt surface, when
covered with CO, increases by about 0.40 eV.60� 62

We propose another explanation for the negative change in
stress upon CO adsorption: the redistribution of electrons
from the Pt bound to the CO to the second atomic layer of Pt
atoms. We explored this possibility through DFT simulations
of a CO molecule approaching a Pt surface for a CO surface
coverage of 1/4 monolayer (ML). The CO distance from the
surface gives us an additional parameter to explore the
relationship between the charge distribution and the surface
stress. In the absence of CO, we calculate a surface stress value
for Pt(111) of + 4.79 N/m. This intrinsic tensile stress of clean
metal surfaces is due to redistribution of the charge from the
undercoordinated Pt at the surface and consequent increased
bond strength between surface atoms.54 As CO is moved
toward the Pt surface, this excess tensile stress decreases
approximately linearly (for short distances), as shown inFigure
7. We calculate a stress change of� 1.65 N/m for a CO
coverage of 1/4 ML. This is consistent with the� 1.55 N/m
value calculated by Ha et al. for similar CO coverage.13

Our calculations also show that when CO approaches the Pt
surface, the CO polarization increases, with electron density
shifting from the C to the O. However, the sum of C and O
Bader charge only changes slightly, as shown inFigure 8a. This
is consistent with the experimental observation that CO
adsorbs as a neutral molecule. In addition to CO polarization,
the charge is redistributed between the top two layers of the Pt
(Figure 8b,c). Speci� cally, the Bader charges in the� rst and
second layers of Pt change the most for the directly bonded
atom (Pta

1) and its nearest neighbors in the second layer (the
three Pta

2). The three equivalent bare Pt atoms adjacent to Pta
1

in the top layer (Ptb
1) and Ptb

2 in the second layer change very
little (also shown inFigure 8b). The CO binding causes a
decrease in the electron density immediately at the bonded Pta

1

and an increase in the nearest Pt atoms in layer two, Pta
2. This

redistribution of electron density from the CO-bonded Pt in
the top layer to its nearest neighbors in the second layer can
account for the observed stress change. This can be seen in
Figure S5, which shows the linear relationship between the
calculated stress and Bader charge of the Pta

1. Although Ibach’s
charge redistribution model typically considers charge transfer
associated with bond formation between the adsorbate and
substrate,54 our calculations show that adsorbate-induced
charge redistribution within the substrate can give rise to
similar changes in surface stress.

4. CONCLUSIONS
CO oxidation on Pt has been extensively studied but there is
still an incomplete understanding behind the origin of
compressive stress that results from the adsorption of CO on
Pt. Manipulation of the CO behavior on metal surfaces to
advance renewable technologies like ethanol or methanol fuel
cells relies on descriptorsthat originate from robust
fundamental explanation. This report highlights the dynamics
between Pt and CO within the onset potential window for CO
oxidation. Within this window, the coverage of CO on a (111)-
textured Pt surface is extremely sensitive to the concentration
of CO in solution, demonstrating a di� erence in the coverage
of � 0.3 equivalent to� 0.5 N/m in stress at� 0.6 V between
saturated CO and CO-free solution. Furthermore, DFT

Figure 7. Computed surface stress relative to that of bare Pt is
reported for Pt with a 0.25 ML coverage of CO. The“bond length”
label refers to the Pt� CO distance, where 0 is the equilibrium-bonded
Pt� CO. The curve serves as a guide for the eye.
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calculations show that the compressive stress induced by CO is
coincident with electron redistribution from the CO-bound Pt
atom to the second layer of Pt atoms. Subsequent experiments
using thin atomic layers of Pt on secondary metal surfaces can
test the validity of this model and further re� ne the charge
redistribution mechanism proposed. These and subsequent
� ndings will serve as a benchmark for exploration and
measurement of stress dynamics occurring at model catalytic
interfaces used in alcohol-powered fuel cells, and guide the
design of more e� cient fuel cell catalysts.
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