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Abstract The catalytic oxidation of CO by O2 to form CO2 over Pt based catalysis is one of the most
studied catalytic reaction leading to controversial mechanism descriptions. Steady State Isotopic
Transient Kinetic Analysis (SSITKA) coupled with InfraRed (IR) spectroscopy is a powerful technique
to study heterogeneous reaction mechanisms combining both the observation of adsorbed species on the
catalyst surface and kinetic measurements. In this paper, SSITKA-IR technique was applied to study the
CO oxidation reaction in presence and absence of COz2 in order to distinguish between active and
spectator intermediates formed during the reaction. Linear carbonyl and bridged carbonyl type species
adsorbed on metallic Pto were clearly identified as active intermediates at low temperature (131 °C). In
contrast, the hydrogen-carbonate species formed during CO oxidation reaction were proven to be
inactive species in CO2 formation but rather due to the re-adsorption of COz2 product itself on alumina

surface.
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Introduction

Air pollution, along with climate change, is one of the most serious environmental threats to human
health responsible for 7 million premature deaths per year and loss of millions healthy life years [1].
Transportation industry is the largest contributor to air pollution with emissions of carbon monoxide
(CO), nitrogen oxides (NOx), unburned hydrocarbons (HC) and particulate matter [2]. In Europe,
legislation imposing restrictions on the emissions of pollutants from vehicle exhaust has been introduced
since 90’s and the next coming Euro 7 regulations are expected to reduce drastically the acceptable
emissions thresholds. Thus, one of the greatest challenges for current catalytic converter technologies
will be to meet the major issue of cold-start (warm up) emissions, when catalyst has not yet reached its
light-off temperature [3]. In that context, the catalytic CO oxidation at low temperature has gained
increasing attention [4—6]. This reaction is one of the most extensively studied in the history of
heterogeneous catalysis. Despite the fact that CO oxidation appears to be a relatively straightforward
reaction, the fundamental understanding of the process over supported noble metal particles is still a
matter of debate. Over 20 different mechanistic steps have been proposed [7]. The Langmuir—

Hinshelwood (LH) dual-site mechanism, in which the reaction occurs between CO and O2 after both



molecules have been adsorbed on the surface of a catalyst, is one of the most widely accepted pathway
for low-temperature CO oxidation [8—10]. Recently, Newton et al. proposed a carbonatemediated
mechanism for CO oxidation at low temperature over a highly dispersed y-alumina-supported Pt catalyst
[11-13]. However, the participation of carbonate and hydrogen- carbonate species is not explicitly
demonstrated in the literature. The Steady State Isotopic Transient Kinetic Analysis (SSITKA) coupled
with operando InfraRed spectroscopy (IR) is one of the most powerful system to investigate catalytic
reaction mechanisms. The combination of steady state and isotopic transient conditions highlights the
advantages of both techniques as obtaining kinetic information and identifying the structural properties
of the surface-adsorbed active or inactive species at molecular level under the realistic steadystate
conditions of the reaction [14, 15]. In this work, combined SSITK A-transmission IR experiments will
be applied for the first time to study the oxidation of CO on Pt/Al203 catalyst unraveling the true role of

hydrogen-carbonate species during the reaction at low temperature.
2 Experimental

2.1 Catalyst Preparation and Characterization

The catalyst was prepared by incipient wetness impregnation of y-Al203 support (supplied by the Centre
de Recherches de SOLAIZE TOTALEnergies) with platinum (II) acetylacetonate (Fluka) precursor salt
to obtain 1 wt% metal loading. The sample was dried overnight at 85 °C, calcined 2 h under air flow at
500 °C (ramp 10 °C/min) and reduced with dihydrogen 2.5 h at 400 °C (ramp 5 °C/min). Final Pt loading
was determined by ICP-OES 5110 (Agilent Technologies). Nitrogen physisorption measurements were
performed on a Micromeritics TriStar II instrument. The experiments were conducted using 0.2 g of
powder sample, previously outgazed at 150 °C under vacuum for 2 h. Brunauer-Emmett- Teller (BET)
theory was applied to calculate the specific surface area. Pore size distributions were obtained from the
complete isotherms based on the Barret-Joyner-Halenda (BJH) theory. H2 chemisorption measurement
was carried out at 30 °C in a Micromeritics Autochem II instrument using a pulse technique. Prior to
the adsorption, the catalyst (50 mg) was preheated in pure H2 at 400 °C and outgassed in flowing Argon
at 400 °C. Then the temperature of the catalytic bed was reduced to 30 °C in order to perform the
measurement in which Hz pulses (5 vol% H2 in Ar) were injected until saturation. Metal dispersion was

calculated assuming H/Pt = 1.
2.2 SSITKA-IR Experiments

The Pt/Al203 catalyst was finely crushed and pressed into a 5.9 mg square pellet of 1.21 cm2 under a
pressure of 100 MPa for operando SSITKA-IR measurements. The pellet was loaded in the homemade
IR cell with an internal dead volume inferior to 0.5 cm3 and equipped with KBr windows. The cell was
connected upstream to an automatic regulator for gas flow and switch valves controls. Prior to the

SSITKA-IR study, the catalytic material was pre-treated at 300 °C during 5 h under He (35 mL/min).



Then, 2060 ppm CO/10% O2/ He gas flow mixture was sent to the catalyst at a total flow rate of 12
mL/min (122 L h- 1 g- 1). The temperature was increased from 50 °C up to 131 °C (1 °C/min)
corresponding to a CO conversion of 11%. After 30 min of isotherm equilibration, the SSITKA-IR
experiment was performed by switching the reactant from 12CO to its labelled counterpart 13CO at the
same concentration, pressure and temperature. This 12CO — 13CO gas switch step was repeated three
times to record the concentration evolution of reversibly adsorbed CO and active Cx intermediates but
also to check reproducibility (true steady-state achieved). 5000 ppm of Kr and 7900 ppm of CH4 were
used as inert gas for kinetic analysis (i.e. SSITKA gas switching procedure: 12CO/ O2/He —
13C0O/02/He/K1/CH4). The comparison of Kr and CH4 mass spectrometry (MS) signals is presented in
supplementary information and confirms the absence of time delay between the two gas responses (Fig.
S1). The use of methane allows direct comparison of MS (gas phase) and IR (adsorbed species) signals.
Finally, the catalyst was heated up to 300 °C (1 °C/min) before cooling it down to 50 °C. The SSITKA-
IR experiment was subsequently repeated at the same CO conversion (11% — 136 °C). The same
experimental protocol was carried out for the test in the presence of CO2 by adding 0.2 vol% CO2 in
both gas feeds: 12C0/12C02/02/He — 13C0O/12C02/02/ He/Kr/CH4. The gas flow composition from IR
cell inlet/outlet was analyzed by micro-gas chromatography (Varian 490) and a quadrupole mass
spectrometer (Pfeiffer QMS 200, 70 eV electronic impact) by recording He+ (m/z = 4), CH4 + (m/z =
15), 12CO+ (m/z = 28), 13CO+ (m/z = 29), 12CO2 + (m/z = 44), 13CO2 + (m/z = 45) and Kr+ (m/z = §84).
The evolution of the adsorbed species on the catalytic material was analyzed by a Thermo Scientific
Nicolet 6700 FTIR spectrometer (rapid-scan mode, 1 scan per spectra and resolution 2 cm- 1) equipped
with a MCT detector. CO conversion (xco) was calculated using the following Eq. (1):

co
Xeo (%) = T2 x 100 (1)

The concentration of reversibly adsorbed CO (Nco), active C-containing intermediates (Nc) leading to
the formation of CO2, and their respective surface coverage (0) were calculated using the following Egs.

(2)—(4) based on material balances:

_ Fryl (1-Xco) (tss
Nco(umol gzg) = % fo *[Zen, (X) — Zy3,, ()] dt (2)
1 Fr Y13c02 tos
N¢(umol geqr) = —w fo [Z134, () — Z13CO2 (®)] dt 3)
_N; _
9, = /Npt,surf (i =C,C0) (4)

Where FTis the total molar flow rate (umols- 1) of the gas feed, Yrcois the mole fraction of CO in the
feed, ycois the CO conversion, W is the mass of catalyst (g), Y13co2is the mole fraction of 13CO2 at the
outlet of the reactor in the new steady-state obtained, Z is the dimensionless concentration of a given

gas-phase species, ts. s is the time at which the new steady-state is obtained under the 13CO gas mixture,



and Npy, surfis the molar amount of surface platinum per gram of catalyst (umol Pt geat—1) obtained based
on the dispersion and loading values of Pt metal. The surface residence times (t) of surface adsorbed

species were calculated using Egs. (5) and (6):
tS.S
Teo(s) = [y’ [Zcn, (&) — Zaz, (D] dt (5)

7c(5) = Jy " [Za3co(t) = Z13go, (D] dt (6)

The turnover frequencies, namely TOFco, 1Tk and TOFco2, ITK (s- 1), given by Egs. (7) and (8) are based
on the concentrations of active reaction intermediates found in the reaction path of CO2 formation, Nco

and Nc, respectively.

_ Tco
TOFCO,ITK - m (7)
TOF, = % (8)
CO2ITKk = Ng+Nco

where rco and rco: are the steady-state rates of CO conversion and CO2 formation in umol g- 1 s-1,

respectively.
3 Results and Discussions

3.1 Initial Catalyst Characterization

The catalyst exhibits a specific surface area of 232 m2g- 1 with a pore volume of 0.79 cm3g- 1 comparable
to the area and pore volume obtained for the y-Al203 support itself, 225 m2g- 1 and 0.76 cm3g- 1,
respectively. A loading of 0.82 wt% of Pt on alumina was determined using inductive coupled plasma
optical emission spectroscopy (ICP-OES) analysis. Finally, H2 chemisorption resulted in a dispersion of

68% corresponding to a mean Pt particle size of about 1.65 nm (Table S1 in supplementary material).
3.2 SSITKA-IR Studies for CO Oxidation
3.2.1 CO Oxidation Without CO2in the Reaction Mixture

Firstly, the oxidation of CO in an excess of O2 has been conventionally carried out without the presence
of CO2 in the reaction feed. The normalized MS signals of 13CO, 13CO2 and CH4 are presented in Fig. 1
as a function of time after applying a reactant isotopic switching from 12CO to 13CO at low conversion
(xco=11% at 131 °C). It is worth noting that the 13CO transient response curve lags behind that of the
tracer (CH4) due to the formation of reversibly adsorbed CO during oxidation reaction. The 13CO2
transient response curve lags behind that of 13CO indicating that, in theory, 13CO2 passes through one
or more adsorbed reaction intermediates after that of 13CO before it forms 13CO2. Based on the SSITKA
theory (Egs. 5 and 6), the integrations of observed delays between the response curves of CH4 and 13CO,

then 13CO and 13CO2 provide the mean surface residence times t of reversibly adsorbed CO (tco= 5.0



s) and active intermediates (tc = 29.2 s), respectively. The latter values allow calculating the surface
concentrations and coverages of each species using the Eq. 2 to 4. A concentration of 12.9 umol of CO
surface-adsorbed species (Nco) per gram of catalyst is reached corresponding to a Pt surface coverage
of about 45% (6co = 0.45 in Table 1). In addition, a concentration of 9.6 pmolg- 1 of Cx- adsorbed

intermediate is determined corresponding to a surface coverage of 33% (6c=0.33 in Table 1).
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Fig. 1 — Normalized concentrations of CH4, *CO and *CO: obtained during the SSITKA transient
(2CO/0:/He>3CO/02/Kr/CHa/He) on P/ALO:s at 131 °C (xco = 11%)

The nature of the adsorbed species during the CO oxidation reactant isotopic transient on Pt/Al203 is
followed by operando IR analysis. Two spectra are presented in Fig. 2 corresponding to the 12CO+O2
and 13CO+02 flow stages at the steady state (1 min after isotopic reactant switching in case of 13CO)

and 131 °C.
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Fig. 2 — IR spectra recorded on Pt/Al:O3 during CO oxidation at 131 °C in the presence of 12CO/O2/He
(black) and *CO/O2/Kr/CH4 /He (red): (a) carbonyl region and (b) carbonate region

The black line in Fig. 2a, corresponding to the spectrum recorded in presence of 12CO and Oz in the
carbonyl wavenumber region (2200 — 1700 cm- 1), shows a strong IR band at 2058 cm- 1. It corresponds
to the stretching C = O vibration of the 12CO species linearly adsorbed on metallic Pt atom [16, 17]. A
red shift of this band upon 13CO exchange is observed, giving rise to aband at 2010 cm-1 corresponding
to the 13 C-labelled linear carbonyls adsorbed on Pto. Carbonyls adsorbed on oxidized Pts+ are also
observed on both spectra in Fig. 2a as a smaller IR bands around 2102 cm- 1 [18]. No isotopic shift is
shown in that case. The presence of bridged 12CO carbonyl species adsorbed on two metallic platinum
is also observed at 1837 cm- 1 along with an isotopic 13CO shift after the transient exchange at 1797 cm—
1. The carbonate region represented in Fig. 2b (1800 — 1300 cm- 1) can be decomposed with the bands
at 1434 and 1657 cm- 1 corresponding to the hydrogencarbonate species v(OCO) asymmetric and
v(OCO) symmetric stretching vibrations, respectively [19]. A band near 1215 cm- 1 corresponding to
the bending 8(OH) vibrations as well as the stretching v(OH) band at higher wavenumber would be

expected for hydrogen-carbonates species. However, due to the low energy in these ranges, we were not



able to distinguish them. As for linear carbonyl species, a red isotopic shift is clearly spotted over the
hydrogen-carbonates O = C = O bands. Upon exchange with 13CO, the bands at 1434 and 1657 cm- 1
shifts towards the bands at 1395 and 1613 cm- 1, respectively.

3.2.2 CO Oxidation in Presence of CO2

The same experiment of CO oxidation with O2 on Pt/A1203 catalyst has been repeated by adding, in that
case, a  significant amount of 12CO2 in  both  SSITKA  feeds  (12CO/
02/12C0O2/He—13C0O/02/12C0O2/K1/CH4/He). The normalized IR signals of 13CO, 13CO2 and CH4 are
represented as a function of time in Fig. 3 after applying the reactant isotopic switch at low conversion
(xco=11% at 136 °C). In the presence of COz2, the mean surface residence times of reversibly adsorbed
CO (tco0) and active intermediates (tC) appear to be equal to 5.2 s and 3.6 s, respectively. While no
significant effect of CO2 is observed on 1co, the area between the 13CO and 13CO2 curves vanished
quasi-completely leading to a drastic decrease of the Tc value (Table 1). Consequently, new calculations
of the surface concentration and coverage of CO on catalytic surface from MS signals appear to be quite
similar to the value determined without the presence of CO2, i.e. Nco = 12.8 pmolg- 1 and 6co = 0.45,
unlike those obtained for Cx- adsorbed intermediate with Nc and 6c dropping from 9.2 pmolg- 1 and 0.33
to 1.4 pmolg- 1 and 0.05 in presence of CO2, respectively.
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Fig. 3 — Normalized concentrations of CHs, 3CO and *CO; obtained after the SSITKA transient in the
presence of COz in the feed (>*CO/02/">*CO2/He=>"3C0O/02//'*CO2/Kr/CH4/He) on Pt/AL:O3 at 136 °C (yco =
11%)

The TOF,iTK were also calculated based on the concentration of reversibly adsorbed CO ( Nco) and the
sum of the concentration Nco+ Nc for TOFco and TOFcoz, respectively (Eqgs. 7 and 8, Table 1). It is
worth noting that this calculation takes into account the active sites defined by SSITKA measurements
(concentration of all the active species that truly participate in the formation of a given reaction product)
and not the amount of Pt exposed surface sites determined by H2- chemisorption as conventionally

adopted for TOF determination [20]. As a direct result of the decrease of Cx- adsorbed intermediate



concentration (Nc), the TOFco2, Itk increases by about 45% in the presence of CO2 (from 0.015 s-1to
0.027 s- 1) while the values of TOFco, ITK remain similar in both cases.
Table 1 - Mean residence time 1, concentration N, surface coverage 0, and TOF of adsorbed CO reactant

and active intermediates in CO: formation during SSITKA CO oxidation experiment with and without
the presence of CO: in the feed on Pt/AL2:O3

Tco Nco Oco TOFco, itk
COads
() (umol/g) M
Without CO2 5.0 12.9 0.45 0.20
With CO» 52 12.8 0.45 0.19
. . T Nc 0c TOFcoz,rx
Cyintermediates
() (umol/g) M
Without CO> 29.2 9.6 0.33 0.015
With CO2 3.6 1.4 0.05 0.027

IR spectra analysis has also been performed to observe the evolution of adsorbed species on the catalytic
surface after reactant exchange with 13CO in the presence of COz2. Figure 4 shows the IR spectra recorded
during the 12CO+02+12CO2 and 13CO+02+12CO2 flow stages at the steady state (1 min after isotopic

reactant switching in case of 13CO) at 136 °C.

a)

2058 2CO+12C0O, + O,

3CO+12C0O, + O,

A=0.025

1837 1797

2200 2100 2000 1900 1800 1700
Wavenumber (cm')

b)

A=0.025

—_12CO0+12C0,+0,

3CO+12C0O, + O,

1800 1700 1600 1500 1400 1300
Wavenumber (cm™)



Fig. 4 — IR spectra recorded during CO oxidation at 136 °C in the presence of 2CO/02/2CO2/He (black)
and 3CO/02/2CO2/Kr/CH4/He (red): (a) carbonyl region and (b) carbonate region

The Fig. 4a shows the shift of the band at 2058 cm- 1 in the carbonyl wavenumber region corresponding
to 12CO linear species adsorbed on metallic Pt towards the band of its labelled counterpart 13CO
adsorbed linear species at 2010 cm- 1 as seen previously in Fig. 2. Once again, CO-Pts+ carbonyls are
observed at 2102 cm- 1 in both feeds without any isotopic shift effect while bridged carbonyls ( Pt2CO)
are shifted from 1837 cm-1to 1797 cm- 1 regarding to 12CO—13CO reactant switch. Interestingly, in
the presence of CO2, the bands at 1434 cm-1and 1657 cm- 1 observed in the carbonate region (Fig. 4b)
and attributed to O = C = O asymmetric and symmetric stretching vibrations of hydrogen-carbonate
species are not shifted after reactant exchange to 13CO. Other low-intensity non-shifted bands appear at
1594 cm-1, 1395 cm- 1 and 1372 cm- 1 which can be assigned to OCO asymmetric stretching, C—H
bending and OCO symmetric stretching vibrations of formate species formed on alumina surface,

respectively [21, 22].
3.3 General Discussion

The interest for SSITKA-IR methodology is illustrated in this study for the discrimination of active and
spectator species in a catalytic reaction. This combines both the observation of adsorbed species and
the kinetic measurements during CO oxidation reaction at low conversion level (i.e. in chemical regime).
The CO adsorption on Pt/Al203 mainly forms linear carbonyl type species adsorbed on metallic Pto as
observed at 2058 cm- 1 (12CO) and 2010 cm- 1 (13CO) with operando IR spectroscopy and in lower
extent bridged carbonyl species on metallic Pto (Fig. 2a). Moreover, after 1 min of the isotopic exchange,
a complete vanish of the bands at 2058 cm- 1 and 1837 cm- 1 is observed which can be related to a high
exchange rate and so high reactivity of CO adsorbed on Pto during the experiment. This kinetic result is
furthermore coherent with the gas phase evolution of 13CO observed by mass spectrometry (Fig. 1) that
reaches its maximum at around 60 s. In the meantime, no isotopic exchange during the 12CO—13CO
SSITKA experiment is observed for carbonyls adsorbed on Pts+ suggesting a low reactivity and so their
spectator nature in CO oxidation reaction at low temperature. An important lag was observed between
the normalized 13CO and 13CO2 concentration curves indicating in theory the formation and participation
of C-adsorbed reactive intermediates in the CO2 production. According to the IR results (Fig. 2b)
hydrogen-carbonate species seems to be the most serious contender to play the role of active
intermediates in the CO oxidation reaction due to a high 12 C—13 C exchange rate at around 130 °C
comparable to the rate of CO2 product formation. The SSITKA-IR experiment in the presence of CO2
in the feed gives additional information concerning the role of hydrogen-carbonate during CO oxidation.
As a matter of fact, the simultaneous saturation of the catalyst surface with adsorbed CO2 reduces by a
factor of seven the amount of C-containing intermediate species ( Nc¢) for the same CO conversion and

reaction temperature when COz2 is present in the reaction mixture. This result proves that the lag firstly



observed between 13CO and 13CO2 during the SSITKA experiment without CO2 is due in reality to the
re-adsorption of the COz2, produced by the CO oxidation, on the surface of the catalyst rather than any
intermediate formation or reactivity to form CO2. IR spectra recorded in the presence of CO2 also
confirm this trend in which IR bands of hydrogen-carbonate species don’t show any 12C—13C isotopic
shift anymore. This observation clearly indicates that their formation is induced in that case by the
adsorption of 12CO2 already present in the gas feed rather than the conjugation of the reactants 13CO+O2
with surface hydroxyls from alumina. The intermediate formation of hydrogen-carbonate during CO

oxidation can therefore be definitely ruled out.
4 Conclusion

The formation of carbonyl and hydrogen-carbonate species was investigated on 0.82wt% Pt/Al203
during CO oxidation in lean conditions. The present work has provided fundamental insight into the role
of hydrogen-carbonate species in CO oxidation reaction. SSITKA-IR technique has been applied for the
first time to study this reaction. A fast shift of IR signals related to linear carbonyl and bridged carbonyl
type species adsorbed on metallic Pto was observed during the 12CO+02 and 13CO+O2 transient
exchange in absence and presence of CO2 in the reaction mixture, confirming their high reactivity toward
CO2 formation contrary to carbonyls adsorbed on oxidized Pts+. The hydrogencarbonate species formed
during CO oxidation reaction were finally proven to be inactive adsorbed species. The lag between the
13CO and 13CO2 observed on SSITKA normalized concentration curves was in fact explained by the
readsorption of CO2 product, formed from the CO oxidation, on the surface of the catalyst. This result
was supported by the non-shifted IR bands of the hydrogen-carbonate species under 12CO—13CO

transient exchange in presence of CO2 in the gas feed.

Supplementary Information : https:// doi. org/ 10. 1007/ s11244- 022- 01722-2.
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