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A method for in situ monitoring of surface and gas species utilizing separately the difference and
sum reflectivity of two polarizations, normal and parallel to the surface, measured by
polarization-modulation infrared reflection-absorption spectroscopy is presented. Surface and
gas-phase spectra were separately but simultaneously obtained from the reflectivities. The technique
is combined with modulation excitation spectroscopy to further enhance the sensitivity, and a
small-volume cell was designed for this purpose. CO oxidation over a 40 nm Pt film on aluminum
was investigated under moderate pressure (atmospheric pressure, 5% CO, and 5%-40% O,) at
373-433 K. The surface species involved in the oxidation process and the gas-phase species, both
reactant (CO) and product (CO,), could be simultaneously monitored and analyzed quantitatively.
In addition, the reflectivity change of the sample during the reaction was assigned to a near-surface
bulk property change, that is, surface reconstruction to the oxide phase. Under an O,-rich
atmosphere, two reactive phases, denoted as low- and high-activity phases, were identified. A large
amount of atop CO was observed during the low-activity phase, while the adsorbed CO completely
disappeared during the high-activity phase. The presence of an infrared-inactive CO, precursor
formed by the reaction between surface oxide and gaseous CO during the high-activity phase was
inferred. The desorption of the CO, precursor is facilitated under a CO-rich atmosphere, most likely,

by surface reconstruction to metallic Pt and a competitive adsorption of CO on the surface.

I. INTRODUCTION

After the pioneering experimental and theoretical works
by researchers in the 1950s and the 1960s' infrared
reflection-absorption spectroscopy, often noted as IRRAS,
IRAS, or RAIRS, has been recognized as one of the most
sensitive methods in surface analysis, e.g., for the study of
surface structures, chemical states of adsorbates, and their
interactions.” The so-called surface selection rule allows one
to extract information about the orientation of surface
species.’ The use of a photoelastic modulator® (PEM) further
enhances the sensitivity of IRRAS considerably and a sur-
face spectrum can be measured within a short time compared
with conventional IRRAS. Another important advantage of
the polarization-modulation infrared reflection-absorption
spectroscopy (PM-IRRAS) method is the cancellation of the
bulk phase absorption (here “bulk™ is defined as the phase
where light is radiated from and reflected out at the interface)
due to the differential nature of the measurement.” This al-
lows the investigation of surface structures and species resid-
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ing at the gas-solid,f”7 gas-liquid,8 and even liquid-solid
interfaces.’ In IRRAS and PM-IRRAS, the surface spectra
are obtained as a differential reflectivity, and, in principle, it
is possible to obtain the absorbance of species in a bulk
phase from the reflectivities, being not only used for com-
pensation of bulk phase absorbances in surface spectrum cal-
culation. To our knowledge, there is only one work reported
in the literature that has made use of the bulk absorbance
information obtained during IRRAS measurements.'® The
PM-IRRAS method, with its surface sensitivity, relatively
high time resolution, and the possibility to follow simulta-
neously the time evolution of bulk species, will certainly
enhance our knowledge on surface processes, as a rather
complete picture (including surface species and bulk phase)
can be obtained.

CO oxidation over platinum is one of the most inten-
sively studied fields in heterogeneous catalysis, initiated by
the pioneering work of Langmuir.11 The apparent simplicity
of the reaction and its relevance in combustion and
automobile-exhaust catalysis and phenomena of general in-
terest such as oscillation in reaction rate, render CO oxida-
tion still an active research field.'* Recent research aiming at
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bridging the pressure gap revealed large differences in the
behavior under UHV and industrially relevant conditions, in-
dicating the absolute necessity of surface studies under high
pressures.7’13 In particular, for CO oxidation over Pt, under a
relatively high oxygen pressure (0.5 bar), very active Pt-
oxide islands are observed by scanning tunneling microscopy
(STM)." The oscillatory behavior of the reaction is also ex-
plained by metal-oxide islands formation,'> which was never
observed under UHV conditions.'® Bridging the pressure gap
by theoretical means was also attempted and the higher re-
activity of such an oxide phase compared with that of a Pt
surface was shown.'” Various surface-sensitive techniques
have been used under UHV conditions,lg’22 but only a few
techniques could be applied under relatively high pressures.
Among surface-sensitive vibrational spectroscopies, IRRAS
has been used to study CO oxidation over Pt at low
pressureszS_26 except one study under a high oxygen pressure
(ca. 0.5 bar)."” Sum frequency generation (SFG) has been
applied to study the same reaction system under UHV as
well as high pressure. The nature of the active species and
the effects of CO dissociation on the activity under high
pressures and temperatures below and above the ignition
temperature, at which the reaction becomes self-sustained,
have been investigated.27 Through these studies many as-
pects concerning surface species and properties under tech-
nically more relevant conditions became available, yet obvi-
ously there is a need for further methods allowing detection
of both surface and bulk phase species with a high time
resolution under realistic conditions to gain new insights into
the reaction system.

In this work, a method facilitating simultaneous monitor-
ing of surface and gas-phase species is presented that utilizes
the absorbances contained in the two reflected beams of dif-
ferent polarizations. Modulation excitation spectroscopy28’29
(MES) is combined with the method to further enhance the
signal-to-noise ratio and obtain kinetic information of sur-
face species. A small-volume cell was designed to allow fast
exchange of the atmosphere above the surface. The sensitiv-
ity and power of the technique, modulation excitation
polarization-modulation infrared reflection-absorption spec-
troscopy (ME PM-IRRAS), are demonstrated by CO oxida-
tion over a 40 nm Pt film deposited on Al.

Il. EXPERIMENT
A. Preparation of Pt thin film

Pt films were used to study CO oxidation. Although a
Pt(111) crystal was used to demonstrate the feasibility of the
technique during CO adsorption/desorption, the application
of a film allowed higher reproducibility by simply exchang-
ing the sample after surface contamination affected the mea-
surements. A square aluminum plate (10X 10X 1 mm) was
coated with 40 nm Pt by physical vapor deposition with a
Balzers BAE-370 vacuum coating system at room tempera-
ture, which ensures the complete covering of the aluminum.
Pt was heated in a graphite crucible by means of an electron
beam at a pressure of about 1.5 X 1073 mbar. A quartz crystal
sensor was used to measure the mass thickness of the films.

FIG. 1. (Left) view of the entire ME PM-IRRAS cell. (Right, opaque region
of the left) sample holder attachment with heating system. (1) BaF, window,
(2) gas inlet, (3) gas outlet, (4) sample, (5) thermocouple, and (6) heating
element.

The deposition rate was 0.05 nm s~!. The distance between
the evaporation source and the Al plate was about 33 cm,
yielding even films over the entire plate.

B. Design of the ME PM-IRRAS cell

A small-volume cell for ME PM-IRRAS with a short
light path length was designed and built (Fig. 1).** A small
volume is necessary for fast exchange of gases, and a short
path length is desirable to achieve excellent compensation of
the gas phase in the PM-IRRAS surface spectrum by mini-
mizing absorption due to gas-phase species against surface
ones. The inner cell volume was estimated to be ca. 6.9 ml
(the number can differ slightly due to the volume of screws
of the sample holder). The path length (window-sample-
window) is 25.9 mm and the distance between the gas inlet
and the sample surface is 7 mm. In order to enhance the
homogeneity of the gas supply over a sample surface and a
better gas exchange within the cell, the gas inlet consists of
five holes (each 0.7 mm in diameter) targeting the four edges
of the sample and the center.”’ Samples can be heated to
623 K, and the temperature is measured by means of a ther-
mocouple inside the sample holder. The gas-mixing behavior
of the cell under various flow rates and modulation frequen-
cies was studied by the gas-phase information contained in
the ME PM-IRRAS spectra and will be reported elsewhere.”’

C. Modulation excitation spectroscopy

MES, more precisely the detection method, phase sensi-
tive detection (PSD), is a powerful technique to significantly
enhance the signal-to-noise ratio and extract kinetic informa-
tion of reversible systems. The technique has been applied
successfully in the study of chemical and physical systems,
for example, heterogeneous catalysis,28 chiral interaction,*
biological interaction,33 and diffusion.**

If a system is perturbed by varying an external parameter
(e.g., temperature, concentration, light flux, pH) periodically,
all the species in the system, which are affected by this pa-
rameter, will also be affected periodically at the same fre-
quency as the stimulation (w) or harmonics thereof.* Tt is
possible that there is a phase lag between excitation and re-
sponse, which contains information about the kinetics of the
species in the system. At the beginning of the modulation the
system relaxes to a new quasi-steady-state around which it is



oscillating at a frequency w. In this quasi-steady-state, the
absorbance variations A(7,r) are followed by measuring
spectra at different times within the modulation period 7.
This set of spectra, the time-domain absorbance spectra
A(p,1), is then converted into phase-domain absorbance
spectra A(7, ¢PSD) by a mathematical treatment, the so-called
PSD or demodulation, according to

T
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The integer variable k determines the frequency at which the
time-dependent signals are demodulated, that is, the funda-
mental of the excitation frequency (k=1), first harmonic
(k=2), and so on. In this study, the fundamental demodula-
tion (k=1) was analyzed.

D. ME PM-IRRAS and data acquisition

The sample was mounted in the cell located within the
compartment of a Bruker PMA 37 connected to the external
beam port of a Bruker vector 33 Fourier transform infrared
spectrometer. The angle of incidence was 80° and the light
was focused on a liquid nitrogen-cooled MCT detector. Po-
larization was modulated at a frequency of 50 kHz with a
PEM (Hinds Instruments, PEM-90, ZnSe modulator optical
head) set for half-wave retardation at 1800 cm™!. Demodula-
tion was performed with a lock-in amplifier (Stanford Re-
search Systems, SR830 DSP). In order to enhance the signal-
to-noise ratio, an optical low-pass filter (<4000 cm™!) was
put before the PEM. All spectra were recorded at 4 cm™
resolution. 60 ml/min of 5% CO (4.7, Messer Griesheim
GmbH) in the first-half period and 5%-40% O, (5.0, Pan-
Gas) in the second-half period, both balanced with He (5.0,
PanGas), were alternately flowed into the cell. Sixty spectra
were recorded per modulation period 7. Signal averaging
was performed over 3, 5, 10, and 20 periods after 1, 1, 2, and
4 initial periods to reach quasi-steady-states, and each of the
60 spectra in a period was obtained from 16, 8, 4, and 2
scans at the modulation frequency of 0.97, 1.94, 3.88, and
7.76 mHz (T=1032.7,516.1,257.9,128.8 s), respectively.
Prior to the experiments, samples were heated to the mea-
surement temperature and kept under 40% O, in He until
adsorbed CO from previous experiments was completely re-
moved.

E. Data processing and analysis

A PM-IRRAS spectrum is, in principle, measured taking
the ratio of AR [|[R,—R], the reflectance difference of p (par-
allel to the plane of incident light) and s (perpendicular to the
plane of incident light) component] and R (R,+R,, the sum
of the reflectances),

A_R_ |R[7_RS|
R R,+R,’

2)

In reality, the differential and sum spectra are more compli-
cated due to the PEM used to modulate the polarization,
optical components located in the setup, and sensitivity en-
hancement by the lock-in amplifier. The more precise expres-
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sion of the experimental PM-IRRAS spectrum is given
by35 36

AR g-|(yR,=R) - Jr(¢))] 3)

R (’pr"'Rs) + (7Rp_Rs) "IO((PO) ’
where g is a constant accounting for the different gain and
filtering occurring during the two-channel electronic process-
ing; ¥(=C,/C,) is a factor taking the polarization effects by
the optoelectronic components into account, where C, and
C, are different overall responses of the optoelectronic setup
for the p and s polarizations; and Jy(¢,) and J,(¢,) are zero-
and second-order Bessel functions of the maximum dephas-
ing ¢, introduced by the PEM. The plus and minus signs in
the equation correspond to the cases where p or s polariza-
tion is used before the PEM, respectively (here s polarization
was used).

The basic idea of the current work is to take advantage
of the reflectance difference [the numerator in Eq. (3)],
which contains surface information, and the sum reflectance
[the denominator in Eq. (3)], which contains gas-phase infor-
mation, separately. They are obtained simultaneously
through different channels during measurements. The nu-
merator can be written as |(R,—R,)-J5(¢)| after the gain is
properly taken into account and when y=1. Clearly, the nu-
merator is the difference in the reflectivity between the p and
s polarizations of the samples, and therefore it contains in-
formation about surface species due to the surface selection
rule. On the other hand, the denominator can be approxi-
mately written as R,+R; when y=1, if the sample is highly
reflective (such as for a metal, R,=R;). General PM-IRRAS
experiments utilize R,+R; only to compensate for gas-phase
contributions in the surface spectrum [i.e., [(R,—R,)-J>(¢o)|].
R,+R; contains enhanced absorption of the surface species
but also gas-phase information when IR-absorbing gases are
present inside and outside the cell. The absorbance of surface
species are negligible in our setup (up to a few percent)
compared with one of the gas-phase species, and therefore
R,+R; can approximately be considered as a single-beam
spectrum of the gas phase. When necessary, it is possible to
remove the contributions of surface species by calibrating
correctly the setup and calculating the Bessel functions.*

In this work the PM-IRRAS spectra are normalized by
the last spectrum of the 60 spectra of a period, which yields
excellent compensation of background (e.g., the Bessel func-
tions and the optoelectronic components). This was possible
because the last spectrum during the CO/O, modulation ex-
periments contained nearly no visible signals in the mid-IR
under the conditions used in this study.

Hence, the normalized PM-IRRAS spectrum is obtained

as

A A
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F. CO adsorption on Pt(111)

In order to demonstrate the sensitivity of the method for
both surface and gas-phase spectra, CO adsorption on a
Pt(111) single crystal was studied by modulating 60 ml/min
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FIG. 2. Normalized ME PM-IRRAS surface spectra of adsorbed CO on
Pt(111) at 423 K (top: 3D plot, bottom: top view of top figure). First-half
period: 5% CO in He, second-half period: He, both 60 ml/min, T
=1549.2 s. The sampling (60 data points per period and 24 scans for each)
and averaging were performed over two periods after one initial period. The
spectra were normalized by the spectra obtained after heating pretreatment
at 573 K under He prior to the ME experiment.

of 5% CO in He and He at 423 K. The Pt(111) single crystal
was cleaned by Ar" sputtering, mounted in the setup, and
annealed at 573 K. No signals were observed after that in the
PM-IRRAS; however, the pretreatment at low temperature
likely does not lead to the complete annealing of the surface.
Figure 2 shows the PM-IRRAS surface spectra and the PM-
IRRAS gas-phase spectra are shown in the supporting
information.™ It should be emphasized that the surface and
gas-phase spectra were obtained simultaneously in a single
measurement. A clear adsorbed atop CO band at 2078 cm™!
and the slow desorption of CO with a gradual redshift to
2064 cm™! was observed in the surface spectra (Fig. 2). The
compensation of the gas-phase contributions was excellent.
Experiments with longer periods (up to 2324 s) and at higher
temperatures (up to 453 K) showed no complete desorption
of CO from the Pt surface. No bridge-bonded CO near
1850 cm™! was observed. The gas-phase spectra were ob-
tained with a better signal-to-noise ratio and it showed only
gaseous CO bands in the first-half period and no detectable
species in the second-half period.30
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FIG. 3. ME PM-IRRAS surface (top) and gas-phase (bottom) spectra of CO
and CO, stretching frequency region. First-half period: 5% CO in He,
second-half period: 40% O, in He, both 60 ml/min, 7=128.8 s at 433 K.
For normalization and absorbance calculations the last spectrum of the time
series was used.

lll. RESULTS
A. CO oxidation over Pt film

PM-IRRAS surface and gas-phase spectra of a CO/0O,
modulation experiment (first-half period: 5% CO in He,
second-half period: 40% O, in He, both 60 ml/min; modu-
lation frequency of 7.76 mHz at 433 K) are shown in Fig. 3.
In the surface spectra, an adsorbed atop CO band was clearly
observed at 2100 cm™'; however, in contrast to the CO/He
modulation experiment (Fig. 2) the adsorbed CO band com-
pletely and sharply disappeared (ca. 20 s) after the valve was
switched to oxygen, accompanied by a homogeneous broad-
band step increase of the baseline. In contrast, when the
valve was switched to CO, a sharp increase in the adsorbed
CO band was observed, accompanying a step decrease of the
baseline. The same behavior was also observed for Pt(111),
and the baseline step change under different conditions
[Pt(111) and Pt film at different temperatures] was between
0.002 and 0.01 [in normalized IRRAS units, Eq. (4)]. Pos-
sible causes for the baseline change will be discussed later.
The CO adsorption was very fast compared with the stimu-
lation, i.e., the concentration change of CO gas in the cell.

Furthermore, the oxidation product, CO, gas, could be
detected with this setup (Fig. 3, bottom). CO, was formed
when the valve was switched to CO and also when the ad-
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FIG. 4. (a) Selected time-domain spectra at different times during the modu-
lation period, (b) in-phase (¢™P=349°) and out-of-phase (¢"P=259°)
phase-domain spectra, and (c) in-phase angles of the phase-domain spectra.
First-half period: 5% CO in He, second-half period: 40% O, in He, both
60 ml/min, 7=516.1 s at 433 K. For (c), the angles at which the in-phase
amplitude values are above a cutoff of 0.001 (normalized IRRAS unit) are
shown.

sorbed CO band disappeared under O, atmosphere. The rea-
sons for this behavior of CO, formation was examined in
detail with experiments using various O, concentrations,
modulation periods, and temperatures, as will be discussed
later.

Figures 4(a) and 4(b) show selected time-domain and
phase-domain spectra of a CO/O, modulation experiment at
3.88 mHz (except for the modulation frequency, the condi-
tions are the same as above). Prior to demodulation, the
baseline of the time-domain spectra was corrected. As seen
in Fig. 3 (top) and also considering Eq. (1), the amplitude
step change of the baseline will also appear in the phase-
domain spectra, and the contribution should be minimized in
order to maximize the amplitudes of surface species bands.
Here the baseline was corrected by subtracting the average
value between 1600 and 1700 cm™' to minimize the effect.
Figure 4(a) shows three time-domain spectra at different
times of a period. The spectra were noisy, which makes it
difficult to analyze surface species except for adsorbed CO.
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FIG. 5. PM-IRRAS spectra of surface species formed during the experi-
ments. (a) after ca. 6 h of CO/0O, modulation experiments at 403 K. (b)
after a total ca. 18 h of CO/0O, modulation experiments at 373, 403, and
433 K.

On the other hand, the phase-domain spectra improved the
signal-to-noise ratio significantly [Fig. 4(b)] and allowed
confidently assigning the surface species dynamically
formed by the concentration modulation. In the phase-
domain spectra, the adsorbed CO band (2100 cm™') and two
other bands (1050 and 1230 cm™') were observed. The out-
of-phase spectrum is almost a straight line, except for the
small dispersive band near 2100 cm™'. This is due to the
small frequency shift of the adsorbed CO band upon CO
adsorption and disappearance by desorption or reaction. The
in-phase angles in Fig. 4(c), containing information about the
kinetics of the process, are the same for all the bands at each
frequency, implying the same time-response behavior of the
surface species causing the bands. Figure 5 shows two PM-
IRRAS spectra recorded after the modulation experiments.
The surface species at 1050 and 1230 cm™, observed in the
in-phase phase-domain spectrum [Fig. 4(b)], responded in
the same manner as the adsorbed CO and furthermore accu-
mulated during the experiments. It should be noted that pe-
riodically accumulating species (stair function) also appear
in a phase-domain spectrum. The broad band
(950-1300 cm™') gradually increased with increasing num-
ber of experiments (Fig. 5).

B. Effects of oxygen concentration

The effect of oxygen concentration on CO oxidation
over Pt film was studied by modulating 5% CO (the first-half
period) and 5%, 10%, 20%, and 40% O, (the second-half
period) in He at the modulation frequency of 7.76 mHz (T
=128.8 s). The responses of the adsorbed CO and the formed
CO, gas are shown in Figs. 6(b) and 6(c) in comparison to
the response of CO gas stimulation [Fig. 6(a)]. A similar CO
adsorption level was found for all the conditions. There were
delays in the disappearance of the adsorbed CO [Fig. 6(b)] as
is also evident from Fig. 3. The delay increased when the
oxygen concentration decreased. In all experiments using the
different oxygen concentrations, similar baseline step
changes were observed upon the adsorbed CO disappear-
ance. CO, gas was formed when the adsorbed CO band dis-
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FIG. 6. Concentration profiles of surface/gas species during CO/0O, modu-
lation experiments over Pt film with different O, concentrations (5%—40%)
at 433 K. (a) CO gas, (b) adsorbed CO, (c) CO, gas. First-half period: 5%
CO in He, second-half period: 5%-40% O, in He, both 60 ml/min, T
=128.8 s. The dotted line in the middle indicates the end of the first-half
period (the beginning of the second-half period).

appeared and also when the gas was switched to CO as de-
scribed previously. The amount of CO, formation expressed
by the integrated area of CO, gas signal at different oxygen
concentrations [Fig. 6(c)] is shown in Fig. 7. A clear
monotonous-increase relation between the oxygen concentra-
tion and the amount of CO, gas formed was found.

C. Effects of temperature

Furthermore, the effect of temperature on the CO, gas
formation was studied. Figure 8 shows the amount of CO,
gas formed at three different temperatures (373, 403, and
433 K) and four different modulation frequencies. An in-
crease in the CO, gas formation at the longer modulation
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FIG. 7. Amount of CO, formation during CO/O, modulation experiments

over Pt film with different O, concentrations (5% CO and 5%—-40% O, in
He, T=128.8 s at 433 K).
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FIG. 8. Amount of CO, formation during one modulation period over Pt
film at different temperatures [5% CO (first-half period) and 5%—-40% CO
(second-half period) in He, modulation periods: 128.8, 257.9, 516.1, and
1032.7 s, at 373, 403, and 433 K].

period was observed at 373 and 403 K; however, nearly con-
stant CO, gas formation was observed at 433 K. Figure 9
shows the amounts of CO, gas during a modulation period
measured using different modulation frequencies at 433 K. It
should be noted that the integrated areas measured at the
different modulation frequencies are nearly constant at
433 K (Fig. 8). When the modulation period is long, for
example, at T=1032.7 s, the second CO, gas formation
(when the adsorbed CO disappears in O, atmosphere) is sig-
nificantly more prominent than the first CO, gas formation
(when the gas is switched from O, to CO). However, as the
period becomes shorter, for example, at 7=128.8 s, the first
and second CO, forms are similar. A sharper formation peak
was observed for the first CO, formation. Another interesting
observation is the long tail of CO, in O, atmosphere. For
instance, the CO, formation level does not reach zero during
the second-half period at 7=128.8 s. The time- and phase-
domain PM-IRRAS spectra measured at different tempera-
tures showed similar bands as in Fig. 4 (not shown here).
Furthermore, the adsorbed CO bands were broader and
slightly redshifted at lower temperatures (centered at
2108 cm™" at 373 K and at 2100 cm™! at 433 K), although
the adsorption amounts judged from the integrated area at
different temperatures were nearly equal.
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CO, area x period length / arb. unit.

FIG. 9. CO, formation behavior at different modulation frequencies (T
=128.8, 257.9, 516.1, and 1032.7 s). Time is shown relative to the modula-
tion periods.



IV. DISCUSSION
A. Modulation excitation PM-IRRAS

A technique to simultaneously monitor gas and surface
species utilizing surface parallel and normal polarizations
has been developed and combined with the modulation exci-
tation (ME) technique to further enhance sensitivity and al-
low kinetic studies. The capability has been demonstrated by
a quantitative study of CO adsorption and oxidation on Pt. It
showed excellent sensitivity in detecting surface species at
monolayer coverage under pressure. The simultaneous moni-
toring can provide insight on the phenomena occurring at the
gas-solid interface. Furthermore, baseline move of ME PM-
IRRAS surface spectra contains the change of the surface
property as discussed later.

B. CO on Pt

CO vibrational frequency shifts were observed upon
temperature and atmosphere changes, which indicate the in-
fluence of the surface and surrounding on the adsorbed mol-
ecules. Figure 2 shows the redshift during the atop CO de-
sorption. This redshift agrees well with the previous SFG
studies’® and also with the IRRAS study of the CO-
coverage-dependent frequency shift.*® The origin of the
higher frequency has been assigned to the enhancement of
dipole coupling between CO molecules at high coverage,
i.e., at higher density, which weakens the CO-Pt
interaction.” Bridge-bonded CO was not found during our
measurements. This observation is supported by the fact that
the bridge-bonded CO is only observable at UHV conditions
and only atop CO is found at pressures above ca. 1.3 mbar.”’

Furthermore, the atop CO stretching frequency was
higher by 10 cm™" during the CO/O, experiments than dur-
ing the CO/He experiments over Pt film [and also the
Pt(111) single crystal] at the same temperature (not shown
here). A similar frequency shift was observed by IRRAS for
CO on oxygen-precovered Pt,”> which proves the presence of
oxygen on the Pt surface near the adsorbed CO during the
CO/0O, modulation experiments. There was almost no CO
frequency shift during the sudden disappearance of adsorbed
CO in the CO/0O, modulation experiment (Fig. 3). This in-
dicates that the movement of CO is more confined on the
surface due to the presence of oxygen; however, this disap-
pearance of the adsorbed CO is most probably not due to a
simple desorption of CO from the Pt surface and must be
carefully examined. This point will be discussed further in
the next section. Also, no bridge-bonded CO was found dur-
ing the CO/0O, modulation experiments. This may be related
to the observations made by IRRAS (Ref. 25) and electron
energy loss spectroscopy40 (EELS) that there was no bridge-
bonded CO on more than a quarter monolayer of oxygen-
precovered Pt surface.

C. CO oxidation over Pt

1. Reaction mechanism and possible surface species
a. CO, formation mechanism under CO and O,

atmospheres. CO, formation was observed twice during a

CO/0, modulation cycle. The first CO, formation peak un-
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der a CO-rich atmosphere showed a very sharp increase and
a gradual decrease [Figs. 6(b) and 6(c)]. The increase was
observed exactly at the same time as the amount of the ad-
sorbed CO increased. The tail of the CO, peak showed simi-
lar behavior as the decrease of the CO gas concentration in
the cell [Fig. 6(a)]. This indicates that the CO, was formed at
once and the CO, concentration decreased according to the
mixing property of the cell. The second peak under an
O,-rich atmosphere was initiated by a relatively slow CO,
formation and followed by a sudden increase at the same
time as the adsorbed CO decreased. The second CO, forma-
tion showed a long-tail behavior, which was clearly different
from the one observed for CO gas [Fig. 6(a)], thus indicating
that a simple mixing in the cell cannot be responsible for it.
The long-tail behavior can be due to a continuously occur-
ring reaction or a slow desorption of CO, from the surface.
The clear difference between the two peaks indicates that the
corresponding mechanisms of the CO, formations are differ-
ent.

b. Past transient studies. CO oxidation over Pt has been
widely studied by dosing or impinging CO over the oxygen-
precovered surface mostly under UHV conditions to eluci-
date transient species during the reaction.'®!?2023-2641 gy me
studies analyzed CO, formation”>* and others assumed fast
formation and desorption of CO, from Pt surfaces.'”** The
assumption of fast CO, desorption is reasonable when dos-
ing CO over an oxygen-covered Pt surface due to the stron-
ger adsorption of CO on Pt compared with CO, and
oxygen.”’22 However, the first CO, formation decreased sig-
nificantly to nearly zero at the longer modulation period (Fig.
9), and the mechanisms proposed based on the studies using
the order of O, adsorption followed by exposure to CO at-
mosphere are probably not relevant here. A few studies of
transient types have dealt with the reverse order, i.e., change
from CO to O, atmosphere.m’21 A fluorescence yield near-
edge spectroscopy (FYNES) study reported also a sudden
drop in the amount of the adsorbed CO upon temperature
increase and a mild drop with isothermal oxidation experi-
ments both starting from a CO-covered Pt surface under O,
atmosphere.21 The study showed that the onset temperature
for oxidation decreased with increasing oxygen pressure and
that the desorption of CO is necessary for the initiation of the
oxidation reaction.

The need to initially remove (by desorption or reaction)
a certain amount of CO in order to promote fast reaction can
be the reason for the observed induction period and may play
an important role in our study. Yet the assumption of prompt
gaseous CO, formation upon disappearance of adsorbed CO
as well as the fact that CO, gas was not detected in the
mentioned study make further comparisons to our study
difficult.

A recent STM study shed some light on the reaction
mechanism and the state of the Pt surface under high pres-
sure by modulating CO and O, pressures, both 0.5 bar, at
425 K in a flow reactor similar to the one used in our
study.M’15 Two active phases were observed in an O,-rich
atmosphere; one phase where reaction occurs on Pt terraces
with a low activity, and the other phase with a high activity
where Pt oxide islands were formed on the Pt surface.



c. Origin of CO, formation under an O,-rich atmos-
phere.  When the time scale of the STM study is compared
with our study, the activity jump of the second CO, forma-
tion falls into the low-activity phase. The CO, production of
the low-activity phase in the reactor-STM was ca. 0.5 mbar,
which is well within our detection limit. An estimate based
on filling the cell with air (0.360 mbar CO, was assumed)
and He (reference) gives an integrated signal of 1.0 abs cm™!
[Fig. 6(c)] for 0.368 mbar CO,. However, the great differ-
ence of the residence time in the reactors must be properly
taken into account. On the other hand, when CO concentra-
tion is compared with our study, the activity jump falls into
the high-activity phase. Under 0.5 bar O, at 425 K, the
threshold CO concentration value, below which the active Pt
oxides are formed, was ca. 20 mbars, corresponding to 2.0%
CO in our study. The CO concentration in our study was
therefore below the threshold value during the jump in the
second CO, formation. The O, concentration dependence of
the induction period (Fig. 6) supports the viewpoint based on
concentration. The 5% O, was high enough to produce the
highly active phase of the Pt with some delay (induction
time). The delay may be related more to the ratio between
CO and O, concentrations than the absolute concentration of
CO and O,, thereby the dilution of CO is required to activate
the surface under low O, pressures, resulting in the observed
induction time. A similar interpretation was given by the au-
thors of the STM study.14 Usage of 1.25 bar O, lead to an
increase of the CO threshold concentration to ca. 40 mbars,
supporting that the CO/O, ratio is important for the active
phase formation.'*

Assuming the activity jump is the transition to the active
Pt oxide phase, the gradual CO, formation before the jump
[Fig. 6(c)] is most probably in the low-activity phase. The
considerable amount of the adsorbed CO during the gradual
formation agrees well with the observation that the Pt surface
was not reconstructed in the low-activity phase and mainly
covered by CO." The dependence of the amount of the gas-
eous CO, on the O, concentration (Fig. 7) implies that more
active oxide phases can be stabilized by the reaction mixture,
especially under high concentrations of O,.

d. Origin of CO, formation under a CO-rich atmo-
sphere. The origin of the first CO, formation is discussed
next. One obvious possible origin of the formation is the
reaction of incoming CO with the active oxide. However, the
experiments with long modulation periods showed nearly no
first CO, formation. This could imply that the oxide is actu-
ally not active when the atmosphere is changed rapidly to
CO and that the high concentration of CO reconstructs the
oxide to a metallic Pt surface and immediately covers it. This
CO, most likely coadsorbing with oxygen, was indicated by
the high CO stretching frequency (Fig. 4).

The second possible origin of the first CO, formation is
the desorption of the CO, precursor. The first scenario within
this second possibility is that upon entering the high-activity
phase the adsorbed CO reacts with oxygen, forming a CO,
precursor on the surface, and then the precursor slowly des-
orbs. In this case, the amount of CO, will be determined by
the amount of adsorbed CO in the metallic phase. This ex-
plains well the constant CO, formation observed at 433 K. A
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rough estimate of the amount of CO, formation from the Pt
film [assuming all the CO, molecules are formed from the
adsorbed CO, CO is adsorbed at atop position on all Pt atoms
of Pt(111) surface, and the sample surface area is 1 cm?]
yields an instantaneous pressure of 8.8 wbars (6.9 ml of the
reactor volume) and 20.3 wbars (3.0 ml of the reactor vol-
ume, to account only for the near-surface volume), which
correspond to 0.024 and 0.055 abs cm™' of Fig. 6(c), respec-
tively. This is obviously far below the observed CO, amount,
even when the surface roughness and a higher Pt surface area
are taken into consideration. This is a clear proof that more
than one turnover takes place during the first CO, formation
and that CO molecules present in the O, atmosphere have
reacted.

The second scenario of the second possibility is that CO
adsorbs and reacts with oxygen to produce the adsorbed CO,
precursor, which desorbs slowly. This possibility explains
well all the observations of this study. When the gas is
switched from CO to O,, a small conversion of CO occurs
during the low-activity phase and the conversion should be
the same for all periods since the induction times are the
same. Upon entering the high-activity phase, CO molecules
present at low concentrations in the gas phase react with
oxygen of the active surface, forming the CO, precursor
without reconstructing back to the CO-adsorbed metallic Pt
surface. Most likely, the CO, precursor desorbs slowly, caus-
ing the long-tail behavior of the second peak. The rates of the
CO, precursor desorption and the consequent turnover of the
reaction are most likely dependent on the CO concentration
in the gas phase. When the modulation period is long, most
of the precursor desorbs since all CO molecules in the gas
phase have left the cell or have reacted, and no CO, precur-
sor is produced on the surface. In contrast, when the period is
short, the remaining nondesorbed precursors desorb readily
due to the surface reconstruction induced by the concentrated
CO atmosphere and the displacement by the strongly adsorb-
ing CO. Within this possibility, a constant CO, formation is
expected when the reactivity of the surface is high enough
such that the absence of CO in the gas phase is reached
during the high-activity phase. The increase in the CO, for-
mation towards the longer periods at 373 and 403 K (Fig. 8)
can be explained by the low activity of the surface and the
smaller amount of the CO, precursor formation at shorter
periods. Figure 6 shows that towards the end of the modula-
tion period there is no CO, adsorbed and gas, visible in the
spectra, whereas CO, is detected. An estimate was therefore
made to clarify whether this is compatible with instantaneous
conversion of CO to CO,. The intensity of 1 mbar CO and
CO, gives 0.12 and 2.72 abs cm™, respectively. This means
more than 20 times higher sensitivity for CO, than for CO in
the gas phase. When (i) the confident detection limit for CO,
is set to 0.05 abs cm™, (ii) 100% instantaneous conversion
from CO to CO, is assumed, and (iii) the sensitivity ratio
between CO, and CO is considered then a mixing tank
model, which sufficiently describes the mixing behavior of
the gases in the cell,”! predicts 58.7 s (most probably shorter
due to the CO consumption by the reaction) as the time
required to reach the CO concentration (0.38 wbar) that
yields a CO, signal of 0.05 abs cm™! at 60 ml/min flow rate



after the atmosphere is switched from CO to O,. After 58.7 s
in the second-half period (Fig. 6), CO, formation is consid-
erably higher than the detection limit, disproving the instan-
taneous conversion from CO to CO, and supporting the pres-
ence of slowly desorbing CO, precursors.

The infrared spectra (950—4000 cm™') do not give evi-
dence for a precursor with the expected behavior (i.e., in-
creasing during the active phase and decreasing during de-
sorption), which indicates that the CO, precursor is probably
infrared inactive. The presence of the CO, precursor has
been reported by a Cs* reactive ion scattering study,22 al-
though a direct comparison with our study is difficult due to
the different conditions [order of atmosphere change (from
O, to CO) and pressure difference]. The precursor can sim-
ply be horizontally adsorbed CO, on Pt oxide, thus being
invisible in the infrared.

2. Baseline change

Based on the previous discussion, it is speculated that
the step change of the baseline coinciding with the appear-
ance and disappearance of the adsorbed CO (Fig. 3) is also
due to oxide formation. Now the baseline change is further
discussed in terms of the reflectivity change caused by the
refractive index difference of the substrates, i.e., Pt and Pt
oxide covered surface. The reference of the normalized ME
PM-IRRAS spectra of the CO/O, modulation experiments
was the last spectrum of the period and measured in the
high-activity phase. When the surface is covered by CO and
assumed as a metallic Pt phase, the baseline is expressed in
terms of the bare substrates:

AR _ (AR/R)p
( R )norm,Pt_ (AR/R)AP ' (5)

where AP stands for the active phase. Obviously, the baseline
of the active phase is zero. The observed baseline change Ab
was between 0.002 and 0.01, and Ab can be expressed as the
negative value of Eq. (5). By neglecting the Jy(¢,) term in
Eq. (3) (assuming R,=R,) and introducing the reflectance
ratio (p=R,/R,), an experimental PM-IRRAS signal of a
bare substrate can be written as

(%) 8 [(¥R, = Ry) - Jo(@y)|
R sub yRP+R5

_ 8- |(7’P— 1)- 12(900)|

yp+1 ©

The value of p is determined by experimental parameters
such as the angle of incidence and also by material param-
eters such as complex reflective index n=n—ik, where n is
the index of refraction and k is the extinction coefficient. The
Fresnel equation42 with assumptions [two-phase system, the
gas-phase refractive index is 1, the index of the Pt film is
equal to that of the bulk Pt i7p,=5.71-23.35i (at 1670 cm™)
(Ref. 43)] and the experimental angle of incidence yield
0.8108 for pp (p value of Pt). Then the range of the effective
complex refractive index of the active phase 71,p can be es-
timated from pp,, Egs. (5) and (6), Ab, the Fresnel equation
upon calculating p,p, and an assumption of y=1. Figure 10
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FIG. 10. Range of possible effective refractive index of the high-activity
phase. Re and Im stand for the real and imaginary parts of the refractive
index, respectively. The small window shows a zoomed view near the re-
fractive index of bulk at 1670 cm~' (shown as a cross point).

shows the range of possible refractive indices of the active
phase. The index change can be small or large in both n and
k, but the index is certainly changed. This indicates a phase
change, because such a baseline move during desorption of
CO from the surface was not observed. Furthermore, the
baseline is constant during the high-activity phase where sur-
face species are changing dramatically by the reaction, which
shows that such a change cannot be due to surface species.

It is apparently not sufficient to determine the complex
refractive index from the data applied in the analysis. A
slight decrease in both real and imaginary parts of the refrac-
tive index can be anticipated as was seen in another wave-
length region,44 but the exact determination of the index re-
quires other techniques, such as ellipsometry. Still, the
determination is a big challenge with an appropriate method
due to the influence of surface roughness on reﬂectivity,45
and imlifed a rougher surface is expected in the high-activity
phase.

3. Surface contamination

The presence and accumulation of surface species
(950-1300 cm™!) during the experiments were observed
(Figs. 4 and 5). Judging from the absorbance in both figures,
it is clear that the species at 1050 and 1230 cm™! are not just
continuously accumulating during the modulation experi-
ments. The amount of these surface species increased upon
CO adsorption or surface reconstruction to metallic Pt and
decreased during the active phase. A small difference be-
tween the amount of formation and removal of the surface
species probably resulted in the large accumulation during
the numerous repeated cycles. The dissociation of adsorbed
CO can be at the origin of the observed surface species.
Although the dissociation of CO on Pt single crystals is
found at higher temperatures (>500 K) than those of the
current study, dissociation may be promoted due to the
roughing of the surface by oxide formation. However, the
kinetic behavior of the species was similar to that of the



adsorbed CO and therefore this species is not the surface
CO, precursor and probably will not play an important role
in the reaction.

V. CONCLUSIONS

A new technique based on PM-IRRAS utilizing reflec-
tivity information, generally needed to calculate the surface
spectrum in conventional use, was successfully applied to
measure surface species, gas-phase species, and surface
properties simultaneously during CO oxidation over Pt film
under semirealistic conditions (high temperatures and pres-
sures). The simultaneous measurement resulted in rich infor-
mation and a rather complete picture on the reaction. The
combination of modulation excitation spectroscopy with
PM-IRRAS showed its potential for kinetic studies based on
the analysis of responses of surface species and gas-phase
species present near the surface. In addition, the technique
leads to great enhancement of sensitivity due to averaging
over several modulation periods and the phase-sensitive de-
tection. The baseline move during the reaction could be ex-
plained by the change in the refractive index of near-surface
bulk phase. Two reactive phases, low- and high-activity
phases, were observed under an O,-rich atmosphere. A large
amount of atop CO was observed during the low-activity
phase. Upon transition from low- to high-activity phase, the
adsorbed CO completely disappeared and surface reconstruc-
tion from Pt to Pt oxide was indicated by the baseline step
change. During the highly active phase in the O,-rich atmo-
sphere, the residual gaseous CO present near the surface re-
acted with the surface oxide to form a CO, precursor. A slow
desorption of the CO, precursor in the O,-rich atmosphere
was indicated, but it desorbed at once when the gas phase
was changed to a CO-rich atmosphere accompanying the sur-
face reconstruction to the metallic Pt and a competitive ad-
sorption of CO on the surface. The CO, precursor is most
likely infrared inactive. In addition, accumulation of surface
species was observed, which did not play an important role
in the reaction. The results are in good agreement with recent
high-pressure STM studies. The main potential of the tech-
nique applied in this study is that it provides information on
adsorbed species, gas-phase species, and the near-surface
solid phase simultaneously with good time resolution and
high sensitivity. With these attractive features, it will be a
valuable tool for investigations of various phenomena occur-
ring at gas-solid interfaces.
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