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Abstract

The adsorption and oxidation of carbon monoxide over a Pt/Al,O3 catalyst layer deposited on a ZnSe internal reflection element was in-
vestigated both in gas phase and water using attenuated total reflection infrared spectroscopy. A preparation method is described that results in
a strongly attached layer that is stable for many days in a water flow. Both adsorption and oxidation of CO are largely affected by the presence
of liquid water. It influences the metal particle potential as well as the CO molecule directly, which is reflected in large red shifts (45 em™h)
and a fourfold higher intensity when the experiments are carried out in water. Furthermore, the rate of CO oxidation changes significantly when
carried out in water compared with gas phase. Finally, with increasing pH, CO stretching frequencies shift to lower wavenumbers, accompanied

by a large increase in CO oxidation rate.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The chemical industry is continuously searching for more
cost- and performance-efficient processes, and thus the trend
is toward using water as a solvent. The selection of water as
a solvent offers many benefits, including low cost, environmen-
tal friendliness, availability, and safety. The chemical industry
is nevertheless a major contributor to environmental pollution,
largely due to the use of hazardous solvents. Of the top 10
chemicals released or disposed of by the chemical industry in
the mid-1990s, five were solvents: namely, methanol, toluene,
xylene, methyl ethyl ketone, and methylene chloride [1].

For this reason, also catalytic wastewater and groundwater
treatments are receiving increasing attention. Water purifica-
tion in general includes especially oxidation processes and to
a lesser extent, hydrogenation processes as well [2]. As an ex-
ample, over several catalysts, wet-air oxidation can be applied
for removal of organic compounds from water [2]. Denitrifica-
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tion (nitrite and nitrate removal) is one of the most investigated
hydrogenation reactions in groundwater treatment. The denitri-
fication is catalyzed by supported bimetallic noble metals [3].
Technology in this area is developing, and at the current stage
the formation of ammonia as a side product is a problem be-
cause it is undesirable in drinking water [4]. The selectivity to
nitrogen is known to depend on, among other things, the type
of reducing agent or pH.

So far, detailed mechanistic studies are lacking, because it is
difficult to study heterogeneous catalysts in situ if the reaction
is carried out in water. In gas phase, vibrational spectroscopy
is a versatile tool for studying adsorption and reaction on cat-
alytic surfaces. However, in liquid-phase reactions, application
of normal transmission infrared spectroscopy is not suitable un-
less the path length of the light is very short (i.e., in the order of
a few microns), because liquids (particularly water) normally
are strong absorbers of infrared radiation. Attenuated total re-
flection infrared spectroscopy (ATR-IR), however, is ideally
suited for studying molecular vibrations at the solid—liquid in-
terface, because the evanescent wave is restricted to the region
near the interface, thereby minimizing the contribution from the
liquid [5]. As a result, the correct design of the ATR cell allows
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for good mimicry of a normal liquid-phase heterogeneous cat-
alytic experiment, because mass transfer is not hampered by
a very thin liquid layer. Only recently, ATR-IR spectroscopic
studies at the metal-liquid interface have begun to receive at-
tention [6—12]. For example, the adsorption and oxidation of
CO and dissociation of small molecules, such as formaldehyde,
over Pt/Al;O3 catalysts has been reported [11]. In addition,
ATR-IR spectroscopic studies of the water—gas shift reaction
and methanol reforming over Pt/Al,O3 wave been combined
with kinetic studies [9]. In our lab, we showed the significant
effect of water on the oxidation rate of CO compared with
gas-phase CO oxidation over Pt/ZnSe [7]. CO is a widely ap-
plied molecule for characterizing supported noble metal cata-
lysts [13-24]. Interactions between CO and the active metal are
reflected in shifts of the CO absorption bands, which in turn are
known to be affected by metal-support interactions. Because
the vibrations are so sensitive for modifications of the metal
particles and/or its surrounding medium, CO is an ideal model
compound for characterizing supported noble metal catalysts.
In addition, CO oxidation is a very simple reaction that allows
for a detailed in situ study of reaction parameters, such as the
effect of solvent or pH.

Especially the details of the influence of pH on heteroge-
neous catalytic reactions in water have not been resolved com-
pletely. For this reason, the objective of this study is to unravel
the details of the influence of water and the pH on the CO
adsorption and oxidation on Pt/Al,O3 using in situ ATR-IR
spectroscopy.

2. Experimental
2.1. Catalyst preparation

Pt/Al, O3 was prepared by wet impregnation according to the
following procedure. Al;O3 (Aluminum oxide C, Degussa, pri-
mary particle size 13 nm) was precalcined for 5 h at 823 K
(heating/cooling rate, 5 K/min) in stagnant air. The powder
was then impregnated with a solution of HyPtClg - 6H,O (Alfa
Aesar) to yield a catalyst with 5 wt% metal loading. The cat-
alyst solution was mixed for 2 h, followed by drying at 335 K
overnight in a rotating evaporator. The impregnated Pt/Al,O3
powder was calcined at 673 K for 3 h (heating rate, 5 K/min) in
flowing synthetic air (30 mL/min). Subsequently, the calcined
catalyst was reduced at 673 K for 3 h (heating rate, 5 K/min)
in flowing hydrogen (30 mL /min).

A suspension of the catalyst was prepared from 0.3 g of cat-
alyst and 50 mL of water, with pH adjusted to 3.5 with nitric
acid to stabilize the small alumina particles. The suspension
was milled for 1 h (Fritsch Pulverisette) to break up any ag-
glomerates and obtain nanometer-sized catalyst particles. For
immobilization of the catalyst layer, colloidal alumina (Alu-
minum oxide, 20% in H,O colloidal suspension, Alfa Aesar,
particle size 5 nm) was added (which is the general methodol-
ogy of preparing washcoats in monolithic catalysts) [25] to cre-
ate a catalyst suspension containing 5 wt% colloidal alumina.
The catalyst layer was prepared on the internal reflection ele-
ment (IRE) by adding 1 mL of the suspension onto a ZnSe IRE.

The suspension was allowed to evaporate overnight at room
temperature. Subsequently, the catalyst layer/IRE was calcined
at 573 K for 2 h (heating/cooling rate, 1 K/min) in flowing
synthetic air (30 mL/min) and reduced at 573 K for 2 h (heat-
ing/cooling rate, 1 K/min) in flowing hydrogen, followed by
heating to 673 K in hydrogen (heating rate, 10 K/min) to en-
sure removal of all NO, species (originating from the nitric acid
that used as a stabilizer) from the catalyst. After calcination and
reduction the catalyst layer was slowly exposed to air and ready
for use. The amount of catalyst deposited on the IRE was ap-
proximately 6 mg.

2.2. Catalyst characterization

BET specific surface area of the powders was measured
by N, adsorption—desorption at 77 K in an ASAP 2400 (Mi-
cromeritics) instrument. Platinum dispersion was determined
by H; chemisorption with 0.2 g of catalyst in a home-built
volumetric system. The sample was reduced at 473 K in H»
for 1 h. After reduction, the sample was degassed at 473 K in
vacuum (10~ mbar). The sample was cooled to room temper-
ature (293 K) and the H; adsorption isotherm was measured by
introducing Hj to the sample. After the first isotherm, the sam-
ple was degassed at room temperature, followed by a second
H; adsorption isotherm. The hydrogen chemisorption capacity
was calculated by extrapolation of the hydrogen uptake to zero
pressure, which corresponded to the difference of the first and
second isotherms [26].

The structure of the prepared catalyst layer was studied with
scanning electron microscope (LEO 1550 FEG SEM).

2.3. In situ ATR-IR spectroscopy

ATR-IR spectra were recorded using a homebuilt stainless
steel flowthrough cell as described in detail elsewhere [7]. The
cell was mounted within the sample compartment of an in-
frared spectrometer (Bruker Tensor 27) equipped with a MCT
detector. All ATR-IR spectra were recorded at room tempera-
ture (294 K) in an air-conditioned room. Infrared spectra were
recorded by averaging of 128 scans with a resolution of 4 cm ™.
Correction of the spectra for water absorption is performed by
subtraction of a scaled water background, chosen by a fit to the
spectrum, as recently published by our group [7].

After being assembled in the IR spectrometer, the cell was
purged with gaseous argon, followed by a reducing gas flow
for 2 h (10% H>/Ar) to remove surface oxygen. Then adsorp-
tion experiments were performed. For experiments in aqueous
phase, the catalyst was reduced in hydrogen-saturated Q2 water
(7.8 x 1073 mol H, /L) before adsorption experiments. Q2 wa-
ter (prepared using the Millipore Milli-Q water treatment sys-
tem from Amphotech Ltd.) was used for all experiments. Aque-
ous flow was regulated by a belt pump (Watson Marlow 503s)
mounted downstream of the ATR-IR cell; all aqueous flow rates
were 1 mL/min, resulting in a residence time of 7.2 s. Satura-
tion of water with 1% CO/Ar (5.0, Praxair), Ar (5.0, Praxair),
10% O»/Ar (5.0, Praxair), or Hy (5.0, Praxair), was performed
at room temperature (294 K) with gas flow rates of 40 mL /min.
The concentrations of dissolved gases in water were calculated
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based on reported solubility data at room temperature and gas
pressure of 1 atm.

3. Results

3.1. Catalyst characterization

The specific surface area as determined by Nj physisorption
of the Al,O3 support powder was 125 m?/g after calcination
at 823 K. After subsequent impregnation, calcination and re-
duction at 673 K, the Pt/Al,O3 powder sample had a surface
area of 115 m?/g. The hydrogen chemisorption capacity (H/Pt)
was 0.75. To measure the thickness of the catalyst layer de-
posited on the IRE, a catalyst layer was prepared on a glass
plate with the same catalyst amount and surface area as on
the IRE used for the ATR-IR experiments. The glass plate was
cut through (from the back side) using a diamond cutter, and
the catalyst layer was carefully broken and studied by SEM.
Fig. 1 shows typical SEM micrographs of the Pt/Al,O3 catalyst
layer on a glass plate. The layer was smooth on the nanometer-
length scale and consisted of small particles (approximately 20—
30 nm), no distinction between alumina and platinum particles
can be made due to the high platinum dispersion. The thickness
of the catalyst layer was measured to be 3.50 &+ 0.25 um over
the full length of the plate. Thinner layers that remained stable
during reactions could not be prepared.

In addition, the transmission and the ATR spectra of CO ad-
sorbed in the gas phase on, respectively, the powder catalyst and
the thin catalyst layer were identical, as given in the supporting
information. This clearly demonstrates that the experimental
procedure to produce a thin layer of catalyst on the ZnSe crystal
does not affect the catalytically active platinum particles.

3.2. In situ ATR-IR measurements

3.2.1. Adsorption of CO from gas and aqueous phase
After assembling the ATR-IR cell and reducing the catalyst

layer (see Section 2), dry gas-phase CO was introduced into the
cell. Fig. 2 shows the ATR-IR spectra obtained during CO flow
over Pt/Al;O3.

Side view

Fig. 1. SEM micrographs of a Pt/Al,O3 layer on a glass plate with identical
dimensions as the ZnSe IRE (left: side view and right: top view).

No gaseous CO was detected during CO flow, whereas lin-
early adsorbed CO on platinum was initially detected with a dis-
tinct asymmetric infrared peak appearing at 2065 cm™!, which
shifted to 2071 cm™!, due to dipole—dipole coupling with in-
creasing surface coverage [27,28] at saturation level after 5 min.
Because the CO concentration was low, this time was needed to
dose the stoichiometric amount of CO for the platinum parti-
cles to adsorb; it is not the result of diffusion limitations within
the catalyst layer. Bridging CO on platinum was identified by
a very broad, low-intensity peak between 1750 and 1900 cm™!.
Peak positions for both linear and bridging CO on Pt/Al,O3 are
similar to positions reported in the literature [15,28-30]. Af-
ter a flow of dry CO, the cell was flushed with dry argon for
15 min, after which a dry oxygen-rich stream (10% O,/Ar) was
introduced to oxidize the adsorbed CO. CO was only partly
removed during oxidation at room temperature (see also Sec-
tion 3.2.2). To allow reuse of the catalyst layer, the IRE with
catalyst was oxidized ex situ at 523 K for 2 h in flowing syn-
thetic air (30 mL/min, at a heating/cooling rate of 1 K/min),
followed by reduction at 523 K for 2 h in flowing hydrogen
(30 mL/min, at a heating/cooling rate of 1 K/min), exposed
to air, and mounted in the ATR-IR cell. Subsequently, the cell
was purged with gaseous argon (15 min), followed by reduction
for 2 h (10% H,/Ar) to remove surface oxygen. Subsequently,

f2071 cm’”
0.012 - ;
0.01 A
0.008 - } 2065 cm™

0.006 -
0.004 -

TTime

T T T \

2150 2050 1950 1850, 1750 1650
Wavenumber (cm™)

0.002 -

ATR-IR absorbance (a.u.)

Fig. 2. ATR-IR spectra as a function of time (time interval: 1.5 min) showing
the region of CO adsorption on Pt/Al, O3 while dry CO was flown (1% CO/Ar).
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Fig. 3. Water corrected ATR-IR spectra as a function of time (time interval
of 1.5 min) showing the region of CO adsorption on Pt/Al,O3 while CO in
water (1.4 x 10~° mol CO/L) was flown at pH 6.9. Note the four times higher
infrared intensity for adsorbed CO as compared to adsorption from gas phase
(Fig. 2).
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Fig. 4. (A) Water corrected ATR-IR spectra of linearly adsorbed CO on Pt/Al, O3 while CO in aqueous phase (1.4 x 1079 mol CO /L) at different pH was flown,
and (B) ATR-IR frequency of linearly adsorbed CO on Pt/Al,O3 in aqueous phase as a function of pH ((A) adjusted with H3POy, (<) adjusted with HySOy,

(O) adjusted with NaOH).

hydrogen-saturated Q2 water (7.8 x 1073 mol Hy/L) was in-
troduced (until a stable background was obtained, which took
several hours), followed by a flow of Q2 water at pH 6.9 sat-
urated with CO (1.4 x 107® mol CO/L), and ATR-IR spectra
were collected (Fig. 3).

When adsorbed from aqueous phase, linear CO was initially
detected by a peak at 2015 cm™'; this shifted to 2024 cm™!
at increasing coverage, due to dipole—dipole coupling [27,28].
Bridging CO was detected by a very broad peak with a max-
imum around 1780 cm™!. During subsequent flow of pure
Q2 water, the intensity of the bands for both linear and bridging
CO remained constant, indicating that the layer with adsorbed
CO remained stable. After flowing water, the adsorbed CO was
oxidized by oxygen in Q2 water (1.3 x 10~* mol O /L) to re-
move all CO (see also Section 3.2.2). Subsequently, the catalyst
layer was reduced in situ by hydrogen in water (7.8 x 107> mol
Hj /L) for several hours to repeat experiments. Repetition of
experiments showed that the oxidation/reduction treatment to
clean the catalyst from CO had no influence on the observed
CO spectra. This was particularly important, because this al-
lowed comparison of intensities of different experiments on the
same Pt/Al,O3 sample.

In addition, the effect of pH on CO adsorption in aque-
ous phase was examined. CO in Q2 water at pH 4.9, 5.0, 6.9,
and 9.1 (pH adjusted with either HySO4, H3PO4, or NaOH)
was flown over the same Pt/Al,O3 catalyst layer as used for
CO adsorption in gas and aqueous phases, and ATR-IR spec-
tra were recorded (Fig. 4). After each adsorption experiment,
adsorbed CO was oxidized by introducing oxygen in water
(1.3 x 10™* mol O,/L) at the same pH as during CO adsorp-
tion; as a result, CO was removed completely. After oxidation,
the catalyst layer was reduced in situ by hydrogen in water as
described above.

Figs. 4A and 4B clearly show a shift of 12 cm™! to lower
wave number with increasing pH from 5.0 to 9.1 for the band
of linearly adsorbed CO. Likewise, shifts were found for bridg-
ing CO (not shown), but because of the very broad peaks, the
exact peak positions could not be reliably determined. At pH 5,
we find no significant differences in peak position between
H3PO4 and H,SOy4 solutions, indicating an insignificant influ-
ence of the counter ion compared with that of pH. Although
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Fig. 5. Normalized integrated peak area of linear CO adsorbed on Pt/Al,O3
versus time during oxidation from gas (O) and aqueous phase at pH 6.9 (+).

peaks clearly shifted with changing pH, only slight differences
in the linear-to-bridge ratio were observed, and no relation be-
tween pH and the linear-to-bridge ratio could be determined.

3.2.2. Oxidation of preadsorbed CO

After CO adsorption on the Pt/Al, O3 layer, the adsorbed CO
was oxidized by oxygen (in either dry gas phase or aqueous
phase), during which ATR-IR spectra were recorded. The nor-
malized integrated peak area of linearly adsorbed CO during
oxidation is shown in Fig. 5 as a function of time for both the
gas and aqueous phase (pH 6.9). In both experiments, an imme-
diate decrease in the peak intensity of linear and bridging CO
was observed during oxidation of preadsorbed CO, but no CO,
was detected. Chromatic effects are absent in this experiment,
because of the high amount of oxygen in the feed compared
with the amount of platinum present on the IRE.

The initial rate of disappearance of adsorbed CO was the
lowest in gas phase and approximately doubled in aqueous
phase. After flowing oxygen in water for 10 min, 98% of the
CO was oxidized; in comparison, only 65% of the CO was
oxidized in gas phase after 10 min. The initial rate of disappear-
ance of adsorbed CO in aqueous phase was also investigated
at different pH values (Fig. 6), each point indicates an indi-
vidual experiment at a specific pH and the experiments were
performed randomly. As a reference, the gas-phase oxidation
rate is indicated as a horizontal line.
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Fig. 6. Initial rate of disappearance of preadsorbed CO in aqueous phase as
a function of pH (integrated peak area for linear CO/min) ((A) adjusted with
H3POy4, () adjusted with HySOy4, (O) adjusted with NaOH).

Clearly, the initial rate of disappearance of adsorbed CO in-
creased with increasing pH, and the rates were always higher in
aqueous phase than in gas phase.

4. Discussion
4.1. Catalyst characterization

The applied method of catalyst immobilisation on an IRE
evidently resulted in a stable catalyst layer when applied for
days in flowing aqueous solutions. Although preparation of sta-
ble layers of supported catalyst for ATR-IR has been reported
by evaporation of a aqueous suspension of the catalyst pow-
der on the IRE without further treatment [6,9,11], replication of
this treatment in our laboratory did not result in stable layers
when water was flushed. The modified method reported here—
application of colloidal alumina, followed by calcination and
reduction to immobilize the catalyst layer—resulted in a very
smooth and stable Pt/Al,O3 layer, without influencing the prop-
erties of the catalyst, which could be used repeatedly.

4.2. CO adsorption from gas and aqueous phase

Adsorption of CO from gas or aqueous phase on the same
catalyst sample revealed clear differences, as can be seen by
comparison of Figs. 2 and 3. CO adsorption from aqueous
phase results in a CO red shift of 47 cm™! compared with dry
gas-phase adsorption. Moreover, the IR absorbance increased
approximately fourfold. Third, the ratio of integrated intensi-
ties for linear and bridging CO (L/B ratio) decreased from 6.9
in gas phase to 4.1 in aqueous phase.

The observed red shift in the presence of water is in ac-
cordance with several other studies reporting shifts to lower
wavenumber of 11-34 cm™! [9]. Various single-crystal stud-
ies have reported the influence of water on adsorbed CO [10,
12,31]. The spectral properties of adsorbed CO is altered by the
presence of heavy water for both Pt(100) and Pt(111) [10,12].
A clear red shift was observed for both linear and bridging CO
on platinum on gradual addition of D,O, attributed to a com-

bination of increased m-back-donation from Pt to CO together
with a change in CO dipole moment [10,12]. For a differently
pretreated Pt—Al,O3 sample, CO was adsorbed from CH;Cly,
and linear adsorbed CO on Pt was found between 2030 and
2058 cm™!, depending on the pretreatment procedure [8]. Un-
fortunately, no gas-phase spectra were shown in that study, so
the effect of the solvent could not be estimated for that par-
ticular sample. Nevertheless, the authors did report large Pt
particles (6 nm), for which it is generally accepted that gas-
phase CO adsorption leads to bands at around 2070-2090 cm ™!
[15,28-30]. As such, it seems that CH,Cl, also induced a shift
in the CO stretch frequency. This suggests for both water and
CH,Cl, the possibility of a direct interaction between solvent
molecules and adsorbed CO, most likely via hydrogen bonding.
Preliminary calculations, however, show that co-adsorption of
water has a more distinct effect on the CO peak position than
does formation of hydrogen bonds [32].

In the field of catalyst characterization, it is well known that
with increasing support alkalinity, the red shift of linearly and
bridging CO is accompanied by a lower linear to bridge ratio
due to the increased back-donation from the noble metal par-
ticles [20,24,33,34]. In the present study, the linear-to-bridge
ratio shows a clear decrease from 6.9 to 4.1 when the CO bands
shifts to lower wavenumber. Based on the red shift and al-
tered L/B ratio, no distinction can be made between a direct
effect of water on the CO molecule and an indirect effect via
modification of the metal particle potential, inducing increased
back-donation from the metal to CO, or a combination of both
phenomena.

Remarkably, the CO intensity increased about fourfold when
adsorbed from aqueous phase compared with gas phase. This
observation is similar to previous results of a fivefold-greater
intensity for CO on Pt/ZnSe, comparing CO adsorption from
aqueous phase with gas phase [7]. Unfortunately, papers report-
ing on changes in intensity with the addition of water are scarce.

At first instance, it seems likely that the increased intensity
could be caused by a greater penetration depth, which depends
on the refractive index of the sample on top of the IRE [5]. In
general, the refractive index of a porous material can be calcu-
lated from the individual refractive indices of the porous ma-
terial and the surrounding medium [35]. Calculations showed
that changing the medium from gas to water increases the pen-
etration depth only 1.29-fold (see supplementary information),
which is significantly less than the fourfold increase in inten-
sity.

A greater CO coverage in aqueous phase also can be ex-
cluded as a cause of the higher IR intensity, because CO is
well known to adsorb strongly on platinum, and full cover-
age is easily reached in gas phase at 1 atm. For this reason,
CO chemisorption is often used to determine metal particle dis-
persion [36]. Therefore, it is impossible for aqueous-phase CO
adsorption to lead to a fourfold-greater coverage compared with
gas-phase adsorption.

A possible remaining explanation for the increased intensity
is a change in the extinction coefficient with the addition of wa-
ter. Adsorption of wetted CO (with water vapor) on Pt/Al,O3
did not change the extinction coefficient of adsorbed CO [15].
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Howeyver, the addition of bulk water showed a dramatic effect
on the intensity of adsorbed CO, similar to that found in the
present study [7]. For this reason, we propose that the surround-
ing of adsorbed CO by an excess of water molecules results
in polarization of the CO molecule via, for example, hydrogen
bonding, which directly affects its extinction coefficient due to
an increased transition dipole moment.

In addition, the stretch frequency of linearly CO adsorbed
on Pt/Al,O3 was found to shift down with increasing pH, as
shown in Fig. 4B. In electrochemistry, it is well known that
a change in electrode potential causes a shift in peak position
of adsorbed CO [37-39]. Moreover, a linear relationship be-
tween pH of the solution and the observed metal potential has
been reported [40], accompanied by a relationship between the
corrected potential and the observed frequency of adsorbed CO
[37,41]. Unfortunately, comparing those results directly with
those of the present study is difficult, because of the applied po-
tential in electrochemistry. In fact, to do so, we would need IR
spectra of adsorbed CO at an open circuit potential of a reacting
electrode, which, to the best of our knowledge, are not available
due to severe mass transfer problems. In gas-phase chemistry,
the stretch frequency of adsorbed CO is considered a sensitive
probe of metal-support interactions [13-24], which are known
to influence the electronic properties of the supported metal and
thereby its catalytic activity [18]. As a final point, a strong di-
rect effect of pH on the CO stretch frequency (through, e.g., the
formation of a CO-H™ adduct) can be excluded. Such adduct
formation would result in a weakening of the CO bond, result-
ing in a shift to lower frequency with decreasing pH. However,
exactly the opposite trend is observed.

In conclusion, we attribute all of the observed spectral dif-
ferences in gas-phase and aqueous-phase adsorption at different
pH values (i.e., the red shifts, decreased L/B ratio, and four-
fold increased intensity) to a combination of increased back-
donation from the supported metal and a direct effect of water
on the transition dipole moment of adsorbed CO.

4.3. Oxidation of preadsorbed CO in gas and aqueous phase

Fig. 5 clearly shows an increased rate of disappearance of
adsorbed CO in aqueous phase compared with that in the gas-
phase oxidation experiment. In addition, increasing pH from
4.9 to 9.1 significantly enhanced the CO oxidation rate. Simi-
larly, we recently showed that the oxidation rate of preadsorbed
CO on Pt/ZnSe was about twice as fast in aqueous phase than
in gas phase at neutral pH [7]. Electro-oxidation of CO over
either platinum or gold in acidic and alkaline solutions was
found to be fastest in alkaline solutions in which the CO stretch
frequency was lowest [40,41], in agreement with our findings.
Moreover, the stretch frequency of adsorbed CO can be linearly
related to the CO oxidation rate, as depicted in Fig. 7. This lin-
ear relationship points to an effect of metal particle potential on
the rate-determining step of CO oxidation in aqueous phase.

For gas-phase CO oxidation, in zeolite-supported catalysts
higher CO activity was found in the samples with CO bands at
lower wavenumbers, accompanied by a lower L/B ratio [24].
Based on XAFS experiments, the authors of that study at-

Gas phase oxidation rate

0.00
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Wavenumber (cm'1)

Initial rate of disappearance of adsorbed CO
(Integrated normalized peak area for linear

Fig. 7. Initial rate of disappearance of preadsorbed CO in aqueous phase as
a function of infrared frequency of linearly adsorbed CO on Pt/Al,O3; for com-
parison, gas phase oxidation rate is indicated with the dotted line.

tributed the increased oxidation activity to increased electron
density on the metal particles. The increased potential induces
a higher m-back-donation from the metal particle to CO, re-
sulting in a red shift of the CO stretch frequency and a lower
L/B ratio. Similar trends were observed for sulphur-poisoned
Pt/SiO, catalysts [42]. We show here for the first time that
the same relationship holds for CO oxidation over Pt/Al,O3
in aqueous phase. In gas-phase experiments, the red shift is
normally accompanied by a decreased L/B ratio, which is ob-
served only when comparing the gas-phase and aqueous-phase
experiments in the present study. No significant difference in
L/B ratio was found with changing pH. However, in gas phase,
the reported shifts in band position are much larger (up to
100 cm™ 1) than in our study (13 cm™! at pH 4.9-9.1). The in-
creased m-back-donation weakens the C—O bond by supplying
electrons in the antibonding orbital [43], which will be more
reactive toward the p electrons of adsorbed oxygen atoms. As
a result, the CO molecule is more easily oxidized with increas-
ing pH.

From this perspective, it is also interesting to extrapolate the
found linear relationship to the gas-phase oxidation rate indi-
cated in Fig. 7. The two lines intercept at 2037 cm™!, which
is significantly lower than the observed frequency for adsorbed
CO in gas phase (2071 cm™!). This observation demonstrates
that the linear relation between peak position and oxidation rate
cannot be universally applied. The most likely explanation for
this is a change of mechanism in the presence of water. For
a given mechanism, the CO band position can be directly re-
lated to the oxidation activity, as shown in Fig. 7 and published
in the literature for gas-phase oxidation [24].

It is well accepted that the mechanism for CO oxida-
tion in gas phase on platinum catalysts proceeds via a three-
step Langmuir-Hinselwood reaction mechanism in which ad-
sorbed CO reacts with dissociatively adsorbed oxygen (Table 1)
[44,45]. In addition, CO oxidation in aqueous phase has been
examined extensively in electrochemistry [10,37,40,46-48].
The oxygen-containing species for electro-oxidation is thought
to result from oxidation of water at the electrode surface and
is usually considered to be adsorbed OH [46,48]. An activated
complex, such as adsorbed CO-H,O on platinum, which forms
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Table 1
Proposed reaction mechanism of CO and O» in gas phase and aqueous phase®

Gas phase [44.,45]

Aqueous phase [this paper]

CO +* = CO* CO +* = CO*
0, +2* = 20* CO* + yH,0(l) = [(CO)-(H20),,1*
0* + CO* = CO, +2* 0, +2* = 20*

0* +[(CO)-(H20)y]* = CO, + yH,O(1) 4 2*

@ x signifies a platinum site, and X* an adsorbed specie on platinum.

Influence of pH
Influence of water .
in aqueous phase
Gas phase | Aqueous phase H,0* | OH-
1 [
Red shift Red shift
Increased CO oxidation rate Increased CO oxidation rate
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Fig. 8. Schematic presentation of the influence of water and pH on the CO
stretch frequency and CO oxidation rate (more details can be found in the text).

CO-OH during oxidation [46], also has been proposed. Be-
cause in the present study the oxidation of CO on Pt/Al,O3 in
aqueous phase did not occur in the absence of Oy, we can ex-
clude the formation of OH from water on the platinum surface.
This is in agreement with DFT calculations showing that during
CO oxidation in water over Pt(111), water could not dissociate
on uncharged Pt(111) [49]. Moreover, in heterogeneous cataly-
sis, it is well known that water does not dissociate on platinum
particles in the water—gas shift or steam reforming at high tem-
peratures.

Obviously, the reaction mechanism of CO oxidation by O3
over Pt/Al;O3 in aqueous phase is not only different from gas-
phase oxidation, but also from electro-chemical oxidation, in
which water is generally accepted as the oxygen source, elec-
trons are removed via the electrode, and the reaction can be per-
formed in the absence of dissolved molecular oxygen. Because
the adsorption of CO from aqueous phase already revealed a di-
rect effect of liquid water on the CO molecules (reflected in
a higher extinction coefficient, vide ante), we propose an ac-
tivated complex of CO molecules and water, [(CO)-(H20),]*,
as a reaction intermediate for CO oxidation by O in aqueous
phase (Table 1). Due to hydration of the adsorbed CO molecule,
the CO bond is weakened significantly, as reflected in the large
red shift and decreased L/B ratio, which facilitates its oxida-
tion. The exact configuration of the CO—water complex remains
unclear and is currently subject of ongoing theoretical calcu-
lations. Moreover, an effect of water on adsorbed dissociated
oxygen cannot be excluded.

Finally, Fig. 8 summarizes the findings of this study. The
presence of co-adsorbed and bulk water affect the metal parti-
cle potential and the CO transition dipole moment, respectively,
most likely by complex formation between CO and H,O. This
interaction alters the reaction mechanism and rate of CO oxi-

dation. In addition, the pH mainly affects the CO molecule via
a potential change of the metal particle, which in turn is directly
related to the observed rate of oxidation.

5. Conclusion

This study convincingly shows the benefit of ATR-IR spec-
troscopy for comparing properties of adsorbed molecules on
supported noble metal catalysts in gas phase and aqueous phase,
because the same catalyst can be used for both types of experi-
ments. The aqueous solution significantly influences the proper-
ties of CO adsorbed on Pt/Al,O3. A large red shift, a decreased
L/B ratio, and a fourfold-increased intensity are observed, re-
sulting from a combination of increased back-donation from
the metal and a direct effect of water on the transition dipole
moment of adsorbed CO. As a result, the reaction mechanism
is altered by the presence of liquid water compared with gas-
phase or electro-chemical CO oxidation. The effect of pH on
the CO oxidation rate can be attributed to a potential change
in the metal particles, which in turn affects the CO stretch fre-
quency, which is linearly related to the oxidation rate.
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