N
N

N

HAL

open science

Identification of Stable Species Formed Under CO
Adsorption and Oxidation on Alumina-Supported Single
Pt Atoms: Why Nanoparticles Are More Active

F. Morfin, Caroline Dessal, Alexis Sangnier, Céline Chizallet, L. Piccolo

» To cite this version:

F. Morfin, Caroline Dessal, Alexis Sangnier, Céline Chizallet, L. Piccolo.
ble Species Formed Under CO Adsorption and Oxidation on Alumina-Supported Single Pt Atoms:
Why Nanoparticles Are More Active. ACS Catalysis, 2024, 14 (12), pp.9628-9639.

scatal.4c02184 . hal-04627466

HAL Id: hal-04627466
https://hal.science/hal-04627466v1
Submitted on 26 Aug 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Identification of Sta-

10.1021 /ac-


https://hal.science/hal-04627466v1
https://hal.archives-ouvertes.fr

Identification of Stable Species Formed under CO Adsorption and Oxidation

on Alumina-supported Single Pt Atoms: Why Nanoparticles are More Active

Franck Morfin,! Caroline Dessal,! Alexis Sangnier,” Céline Chizallet,>* Laurent Piccolo!*

"IRCELYON, CNRS & Université Lyon 1, 69100 Villeurbanne, France
2 IFP Energies nouvelles, Rond-point de I'échangeur de Solaize, BP3, 69360 Solaize, France

* Corresponding authors: Laurent.Piccolo@ircelyon.univ-lyon1.fr; Celine.Chizallet@ifpen.fr

Abstract

Single-atom catalysis is attractive in the context of sustainable chemistry, but single-atom catalysts
(SACs) are not always more active than corresponding clusters or nanoparticles. This is the case, inter
alia, of CO oxidation on Pt/y-Al>Os, an archetypal catalytic system where SACs are poorly active. In
the present work combining diffuse reflectance infrared spectroscopy experiments and density
functional theory calculations, we identity the stable species formed on a Pt/y-Al,O3 SAC compared to
its nanocatalyst counterpart. Formates predominantly occupy the alumina support sites, while oxidized
Pt; species can stabilize carbonyl, carbonate and bicarbonate species, depending on the temperature
regime. Co-adsorption of carbonyl and carbonate moieties on the same platinum atom is found likely
from both experimental and thermodynamic arguments. Unlike the mild adsorption of CO on Pt clusters
allowing for efficient CO oxidation, carbonyl and carbonate species exhibit high stability on the single

Pt atoms, which can explain the low activity of the SAC.
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1. Introduction

After a decade of considerable expansion, single-atom catalysis has become a major field of
heterogeneous catalysis, especially because supported single atoms can exhibit novel catalytic properties
with respect to conventional nanocatalysts (NCs).!® Pioneering studies in this field have considered
noble metal atoms (Rh, Pd, Pt, Au) supported on transition metal oxides (alumina, magnesia, ceria, iron
oxide) for oxidation reactions.”!> The transposition of mechanisms known for NCs to single-atom
catalysts (SACs) is not always obvious, due to the lack of multiple metallic adsorption sites. Moreover,
depending on the reaction under consideration, it remains unclear whether single atoms (SAs) are more
or less active than clusters or nanoparticles (NPs). This question is particularly debated in the case of

the emblematic CO oxidation reaction.

In 2013, Moses-DeBusk et al. reported an investigation of CO oxidation over atomically dispersed 0.18
wt% Pt/6-Al0; and proposed a reaction pathway involving preferential oxygen adsorption and Pt
carbonate formation without any contribution of the support, except for the stabilization of the single
atom itself.!® In contrast, Ding ef al. found that CO strongly adsorbs on oxide-supported Pt SAs, which
inhibits their catalytic activity in both CO oxidation and water-gas shift at low temperatures.!” Using a
commercial Pt/Al,O; catalyst and transient experiments, Newton et al. proposed a cooperative CO
oxidation mechanism involving both Pt NPs and SAs.'®!° The former would store CO and dissociate O,
while oxidized Pt SAs would react with CO to form bidentate carbonates serving as reaction-
intermediate species. Without the presence of NPs, the SAs are considered inactive. Using an ultralow
Pt loading of 0.044 wt%, Lou and Liu measured a turnover frequency (TOF) of
0.9x102 s at 160 °C for Pt;/y-ALLOs, whereas it is 16.5x102 and 33.2x1072 for ZnO and Fe,Os-supported
counterparts, respectively.?’ This result suggests that alumina-supported Pt SAs possess a low but non-
zero intrinsic CO oxidation activity (in agreement with Moses-DeBusk et al.), which can be boosted by
the presence of a reducible oxide support. The CO oxidation activity of Pt SAs was also reported by
Zhang et al. for 0.2 wt% Pt/m-ALO; (mesoporous) catalysts?! and by Wang et al. for 0.4 wt% Pt/La-

AL O;s catalysts stabilized with barium.??
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Some of us previously investigated CO oxidation over atomically dispersed 0.3 wt% Pt/y-Al,O3 by
means of operando infrared and X-ray absorption spectroscopies. We found that cationic Pt SAs are
poisoned with strongly bound CO (in agreement with Ding et al.) and easily diffuse on the alumina
surface, leading to the gradual formation of active nanometer-sized clusters; the aggregation process is
enhanced at higher Pt loading or lower O»/CO ratio.?* Thus, it became clear that alumina-supported Pt
clusters are much more active than SAs. However, an intrinsic activity of the SAs and a possible role of

carbonate species could not be excluded, that may be hidden by the effects of the clustering process.

Herein, we employ operando diffuse reflectance infrared spectroscopy (DRIFTS) experiments and
density functional theory (DFT) calculations to determine the nature of stable carbon-containing species
on y-alumina-supported Pt SAs as compared to clusters in CO oxidation conditions. Stable carbonyls are
observed on oxidized forms of Pt SAs, as well as carbonates and bicarbonates depending on the
temperature regime. We show that carbonyl and carbonate moieties can co-adsorb on Pt SAs, and that

the high adsorption energies of these species are likely at the origin of activity inhibition.

2. Materials and Methods

2.1. Catalyst preparation

v-ALLOs powders (Sasol Puralox SCFa-140) were calcined in air at 600 °C for 3 h before use. The
catalysts were prepared by incipient wetness impregnation: 2.0 g of alumina were impregnated with 1.8
mL of an aqueous solution of Pt(NH3)4(NO3), (Alfa Aesar, >50 wt% Pt), dried in air at 60 °C for 5 h,
and calcined in air (40 mL/min) at 300 °C for 2 h (2 °C/min ramp). The Pt loadings of the 0.3Pt and 1Pt
samples were find equal to 0.31 wt% and 0.96 wt%, respectively, by inductively coupled plasma - optical

emission spectroscopy (ICP-OES, Horiba Jobin Yvon).
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2.2. Materials characterization

The STEM-HAADF experiments were performed with a FEI Titan ETEM G2 electron microscope
equipped with a Cs image aberration corrector and operated at 300 keV. The extraction voltage, camera
length, acceptance angles, STEM resolution and probe current were 4500 V, 245 mm, 29.2-146 °, 0.14
nm and <0.1 nA, respectively. For sample preparation, the powder was crushed and dispersed in ethanol
through ultrasonication, dropped onto a holey carbon-coated 200 mesh Cu grid, and dried by a lamp. To
avoid contamination during analysis and remove all residual carbon, the samples were Ar plasma-

cleaned for 20 s (Plasma Prep 5, GaLa Instrumente). No filtering was applied on the STEM images.

2.3. Operando DRIFTS

Operando infrared spectroscopy experiments were performed with a Thermo Nicolet 6700 FTIR
spectrophotometer equipped with a DRIFTS cell (Harrick HVC-DRP) and a high-sensitivity MCT
detector. The cell, equipped with CaF, windows, was connected to a gas handling system allowing for
in situ treatments with several gases at temperatures up to 500 °C. About 30 mg of the powder sample
was placed in the cell sample holder. The sample was submitted to the following treatments or reactions
at atmospheric pressure with a total flow rate of 25 mL/min: (i) 20% O; in He, 2 °C/min, 350 °C, 2 h;
(i1) 2% CO + 2 or 10% O in He, 2 cycles; (iii) Hz, 2 °C/min, 350 °C, 2 h; (iv) identical to (ii); (V)
identical to (i); (vi) identical to (ii). Figure S1 allows visualizing this protocol. The spectra were recorded
in the 10004000 cm ! range at a resolution of 2 cm™ by accumulating 64 scans. The Omnic software
(Thermo) was used for initial data processing. Temperature cycles were composed of ramps (3 °C/min)
and plateaus (20 min, for DRIFTS acquisition) every 50 °C. The reported temperature corresponds to
that of the powder sample surface after calibration with a pyrometer. The gases exiting the DRIFTS cell
were continuously monitored with a mass spectrometer (Aspec QMS from SRA Instruments). The
experiments were also performed with bare y-Al,O;, and they were used to subtract the signal of gaseous
CO from the DRIFTS spectra by considering that CO adsorption on bare alumina is negligible at the

temperatures considered. The recorded spectra were smoothed via the Savitzky-Golay algorithm (50 pts
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windows and second-order polynomial) and a baseline was subtracted (asymmetric least squares

algorithm) with Origin software.

2.4. Density functional theory calculations

Periodic DFT calculations were performed with the VASP code ?**° with the PBE (Perdew, Burke, and
Ernzerhof) exchange—correlation functional,* using the projected augmented wave (PAW) method 7 to
describe the core-clectrons interactions. The plane wave basis set was limited to a kinetic cut-off energy
of 400 eV. The convergence criterion for the electronic self-consistent field relaxation was fixed to 107
eV, and all calculations were performed at the I'-point. The models consist in platinum single atoms
dispersed over the dehydrated (100) y-Al>Oj3 surface. The support model comes from the work of Digne
et al.,*®* used with a 2x3 multiplicity, later modified by the adsorption of platinum atoms*’ and
clusters.’! This surface, which is dehydrated and dehydroxylated in a large range of operating conditions
typical of the present work,?*2%3* provides strong anchoring sites for Pt SAs, stronger than hydrated
(110) facets.>® The (100) facet was used in a series of previous works to describe the support interaction
with Pt clusters®!34>7 and SAs,**3? and was shown to be a reasonable choice regarding the comparison
with experimental features. CO adsorption was modeled for various supported PtOy species found in
ref.*8. Geometries of CO-covered supported Pt3 clusters Pt;3(CO)o and Pt;3(CO);2 are taken form ref.3
Additional cluster structures are computed, associating oxygen and CO-derived adsorbates (carbonyls,
formates, bicarbonates, carboxyls, and carbonates), starting from supported Pt;30x models proposed in

ref. 3.

Geometry optimizations were made with a convergence criterion on forces of 0.02 eV.A™!, by relaxing
two alumina layers, the single atom and its adsorbates. Harmonic vibration frequencies were computed
by the finite difference method, with a displacement of £0.01 A in each direction for all relaxed atoms.
Similar as in ref. 3, for the CO elongation modes of adsorbed CO molecules, the reported frequencies
are the computed ones blue-shifted by 21 cm™, as isolated CO is computed to vibrate at 2122 cm™,

whereas it is known experimentally to be at 2143 c¢cm!. All other frequencies (corresponding to
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carbonates, bicarbonates, carboxyls, and formates) are reported as computed. On a selection of systems,
the density functional perturbation theory (DFPT) was used to compute intensities of the various
vibration modes. Free energies were computed from the vibration frequencies obtained by the finite
difference method, assuming a complete loss of the translation and rotation modes of the molecules once

adsorbed.

3. Results

3.1. DRIFTS experiments

Based on STEM, operando XAS, and operando DRIFTS, our previous works have led to the following
conclusions:?**® i- As-prepared pre-calcined samples are atomically dispersed. At a Pt loading up to 0.3
wt%, the catalyst is single atomic, while at higher loading (typically 1 wt%) the catalyst also contains a
fraction of subnanometric oxidic clusters. ii- Upon thermal treatment in H; or in the course of the
heating/cooling CO oxidation cycles, atomically dispersed cationic Pt species aggregate into nanometric

Pt clusters with superior CO oxidation activities. An increase in the Pt loading or the CO/O;

concentration ratio accelerates the clustering-reduction phenomenon.

Herein, the SAC refers to an as-prepared 0.3 wt% Pt/y-Al,Os catalyst (0.3Pt sample), while the NC is a
1 wt% Pt/y-Al,O3 catalyst (1Pt sample) having previously encountered reducing conditions. Figure 1
shows typical STEM images of the two samples. Figure S2 reports the corresponding catalytic data
obtained with a conventional flow fixed-bed reactor.®> For CO:0,=2:10% at 150 °C (CO conversion
lower than 6%), the activities of the SAC and the NC are 13 and 64 molco molpis™ (0.21 and 3.2 mmolco

gear! W), respectively.

DRIFTS experiments were performed in three different conditions: CO oxidation with CO:0,=2:10%
(CO0OX10), CO oxidation with CO:0,=2:2% (CO0X2), and CO desorption. Bare alumina, 0.3Pt and
1Pt samples were investigated. For each condition and loading, the experiments included a series of
heating/cooling cycles with the following steps: air calcination treatment, CO oxidation (2 cycles) or

desorption, H, reduction treatment, CO oxidation (2 cycles) or desorption, air calcination treatment, CO
6/33



oxidation (2 cycles) or desorption, as illustrated in Figure S1. For both samples, the CO oxidation or
desorption DRIFTS sequence was preceded by an oxidative calcination step, in order to avoid artifacts
related to different pretreatments. The whole set of COOX DRIFTS data is reported in SI, Figures S3-
S7. Note that for reaction experiments, pre-reduced 0.3Pt and pre-oxidized 1Pt also present some
features relevant to the NC and the SAC, respectively. Moreover, the second cycle after pretreatment

generally retains similar features as in the first cycle (the main exceptions are discussed below).

1.0
Size (nm)

Figure 1. STEM-ADF images of a) 0.3 wt% Pt/y-Al>O; calcined at 300 °C in air (single-atom catalyst,
SAC, the circles in the insert locate single Pt atoms) and b) 1.0 wt% Pt/y-Al;O; reduced at 300 °C in H;
(nanocatalyst, NC).

Figure 2 gathers the data for the SAC, the NC, and bare alumina under heating/cooling COOX10
conditions, in the form of color maps in the 2400-1200 cm™' wavenumber range. Figure 3 allows a more
quantitative comparison between the main IR band intensities for the SAC and the NC. Finally, Figures
S8 and S9 report the DRIFTS data for CO desorption experiments. The IR bands have been ascribed

(Table 1) on the basis of the existing literature, including our previous work.?*** Notably, these

7/33



assignments are qualitatively confirmed by our DFT calculations, although the splitting between the two
detected modes of carbonates is usually overestimated by DFT, as will be discussed in Section 3.2. The
identification of formate species also required the simultaneous analysis of high-frequency vibrations
near 3000 cm™! corresponding to C-H stretching, as shown in Figure S10. Formates are mostly visible
on bare alumina, though small contributions can be detected on 0.3 wt% Pt/Al,O;, whether after
calcination (SA state) or reduction (mostly cluster state). They are absent from the 1 wt% Pt/Al,Os3
catalyst. This may indicate that either Pt SAs somewhat stabilize the formates, or Pt covers their

adsorption sites at high loading.
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Figure 2. CO oxidation DRIFTS experiments, under COOX10 conditions, for the single-atom catalyst
(top), the nanocatalyst (middle), and the bare alumina support (bottom). The C-O stretching vibration

signal measured for alumina was subtracted from all the spectra.
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Figure 3. Evolution of the intensities of the main DRIFTS bands during CO oxidation experiments on

Pt/Al;O; catalysts (time runs from left to right).

Table 1. Assignment of the main observed IR absorption bands. S, N and A refer to the single-atom

catalyst, the nanocatalyst and the alumina support, respectively.

o (cm') Material Assignment

Vibration mode

1230 SN Bicarbonate 6COH
1250 S Carbonate vasCOO
1385 A Formate vsyCOO
1440 SNA Bicarbonate vsyCOO
1550 S Carbonate vC=0
1595 S Formate vasCOO
1600 A Formate VasCOO
1655 SNA Bicarbonate VvasCOO
2080 N (S) Linear carbonyl vCO
2105 S (N) Linear carbonyl vCO
2330 SN Gaseous linear CO; VvasCOO
2350 SNA Physisorbed linear CO;  v,sCOO
2360 SN Gaseous linear CO, vasCOO

Figures 2 and 3 and Table 1 reveal a quite different behavior between the SAC and the NC. As previously

reported by some of us,? the temperature window of CO» production (band around 2350 cm™) is wider
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for the NC, and correlates with the extinction of the Pt-CO band — centered at ca. 2080 cm™ — owing to
low CO coverage at high conversion. Note that the CO oxidation process combined to our thermal
ramping procedure leads to only two observable regimes in DRIFTS-MS: no activity before light-off,
and 100% conversion upon light-off.?* For the SAC, the main Pt carbonyl band is centered at ca. 2105
cm! and corresponds to single Pt cations (which will be confirmed later in the section devoted to the
DFT results); this band shows a shoulder at 2080 cm™ during the cooling phase, which is ascribed to in
situ formed Pt clusters with slightly positive oxidation degree.® As expected, the shoulder contribution
is weak at high temperature due to CO conversion on the clusters. In contrast, the main band at 2105
cm! is roughly constant, which made us rule out any CO oxidation activity of the SAs. The initial
increase in the band intensity was ascribed to the initial saturation of Pt SAs with oxygen adsorbates.'®

This band is also present on the NC as a small peak or shoulder to the 2080 cm™ band, and is ascribed

to sinter-resistant SAs.

Now, let us analyze the features at lower wavenumbers (<1700 cm™). From Figure 2, common features
between the SAC and the NC at low temperature are bands at 1655, 1440, and 1230 cm’!, which relate
to bicarbonate (COsH) species (Table 1). However, their thermal evolution is different between the two
catalysts both in decreasing behavior on heating and in reversibility on cooling, the bicarbonate partial
disappearance being reversible only on the NC: bicarbonates can (reversibly) decompose into carbonates
or desorb in the form of CO,. Bicarbonate species are also present on alumina at low temperature (Figure
2), though in lower amount than on the Pt catalysts. Moreover, they disappear above 200 °C and partially
reappear on cooling. As expected from the previous decomposition of bicarbonates, during the second
cycle of reaction on the pre-oxidized samples, the bicarbonate bands (1655 and 1440 cm™) are less
intense on heating with respect to the first cycle (Figures S3-S5, C300-A2). The CO desorption data of

Figure S8 further show that bicarbonates are also present on the catalysts in the absence of O..

In addition, bands at 1250 and 1550 cm™ are exhibited by the SAC only. They could be ascribed to a
chelating bidentate Pt carbonate (Pt;-COs) species (Table 1).%° The thermal evolution of the 1550 cm'!

band (Figure 3) is not correlated to CO; production, but instead exhibits a similar trend as the Pt;-CO
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band at 2105 cm!. This species is present only on pre-calcined samples, both under COOX10 and
COOX2 conditions (Figures S3-S5). Its absence after a reduction or an additional calcination supports
its assignment to a SAC-specific species. Since COOX2 conditions are more reducing, they lead to faster
sintering of SAs compared to COOX10 conditions.”* Apart from this fact and the promotion of the

formate species, the data recorded under both conditions present similar patterns.

For the SAC, the respective evolutions of bicarbonate and Pt carbonate bands from 80 °C to 200 °C
suggest a possible decomposition of the bicarbonate to the Pt carbonate, while the latter is already
present at room temperature (RT). In any case, the carbonate species is stable and coexists with the Pt
carbonyl. The hypothesis of bicarbonate conversion to Pt carbonate on the SAC is supported by the CO
desorption experiments (Figures S8 and S9). In this case, the carbonyl species is much less abundant
than under COOX conditions, which supports the fact that CO is not a product of bicarbonate
decomposition. The initial presence of O ligands around the single Pt atoms®® may favor the formation
of bicarbonates at the expense of carbonyls, CO being absent from the gas flow during the desorption

experiments.

Finally, another feature is visible above 200 °C, only for the 0.3Pt SAC under COOX10 conditions: the
small band centered at 1595 cm™! may be ascribed to a Pt formate. It is known that formates are produced
at relatively high temperatures upon interaction of CO with OH groups.*° This species reinforces during
the next COOX cycle, and is also detected on the 0.3Pt catalyst after reduction, both in COOX10 (Figure
S4) and COOX2 (Figure S5) conditions. Moreover, it is visible in the CO desorption experiments on the
SAC, including at low temperature (Figure S10). However, the fact that this species is also present after

the reduction step suggests that it is not SAC-specific.

It can be noticed that hydroxyl groups are necessarily present on alumina surfaces. Figure S11 reports
the features detected in the high-frequency region during a CO+O, temperature cycle on alumina. They

are representative of the signal detected for all the samples and typical of OH groups on y-alumina (their

12/33



assignment has been discussed in previous studies).?****” Their amount is seen to decrease upon heating

to 300 °C, and increase back upon cooling to RT.

3.2. DFT calculations

DFT calculations were performed to further evaluate the stability of molecular adsorbates, starting from
alumina-supported Pt;, Pt;O,, or Pt;O4 models, and gradually adding CO molecules, leading to Pt
carbonyl and carbonate species. The Pt;04 stoichiometry is consistent with the results of extended X-
ray absorption fine structure spectroscopy (EXAFS) on pre-calcined Pt/Al,O3 SACs, while Pt;O; is more
favorable in the presence of CO.?*® Hydration was also simulated to model bicarbonate, carboxyl, and
formate species, with a participation of the support to host the complementary hydroxyl/proton species.
Figure 4 shows the most stable molecule/catalyst models together with the energy gain at each step,
while Table 2 reports the computed vibration wavenumbers of the corresponding adsorbed species.
Figure S12 provides a synopsis of the distribution of computed frequencies grouped by family of
vibrator. Note that while the number of Al atoms from the support coordinated to ligands of the Pt atoms

is mentioned in Table 2, this data is not mentioned in the following text for the sake of clarity.
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Table 2. DFT-computed vibration wavenumbers (cm™) for selected Pt single atom species adsorbed on
alumina. Numbers in italic correspond to shifted wavenumbers (see Section 2.4). When computed, the
intensity of the mode is reported between brackets in arbitrary units. The underlined Roman numerals

correspond to the most probable species.

Carbonyl

1 Al(CO) 2172 (0.2)

I Pt(CO) 2058 (0.8)

11 Pt(CO), 2073 (0.9), 2014 (1.6)

v Pt(CO); 2090 (0.5), 2035 (1.2), 2027 (1.3)

A\ Pt(CO)4 2101 (0.1), 2047 (0.3), 2042 (0.6), 2038 (1.0)

Vi Pt(0)(CO)Al 2119 (0.9)

Carbonate and carbonyl-carbonate

Vil Al (CO3) 1737, 1268, 888, 855

VIII Pt(COs3) 1780, 1077

IX Pt(0),AL(CO3) 1691 (0.2), 1228 (0.1)

X Pt(COs),Al 1814, 1741, 1185, 1097

XI Pt(COs),Al, 1795, 1786, 1129, 1111

XII Pt(CO)(CO3)Al 2094 (0.8), 1806 (0.7), 1097 (0.6)

XIII Pt(CO)»(CO3)Al 2145 (1.3), 2084 (0.7), 1720 (0.5), 1134 (0.4)

X1V Pt(0),Al3(CO)(CO») 2149,1771, 1081

XV Pt(CO)(CO:s),Al 2147,1808, 1752, 1137, 1092

Bicarbonate, carbonate-bicarbonate, and carbonyl-carbonate-bicarbonate

XVI Aly(COsH) 3675 (0.1), 1635 (0.6), 1443 (0.6), 1200 (0.5), 1059 (0.2)

XVII Pt(CO;H)Al 3669 (0.1), 1610 (0.5), 1435 (0.5), 1188 (0.8), 1045 (0.1)

XVIII  Pt(0O),Al(COsH) 3672, 1714, 1249, 1135, 940

XIX Pt(CO)(COsH)Al 3658, 2080, 1595, 1426, 1186, 1053

XX Pt(CO)(CO;)(COsH)AL 3669, 1791, 1752, 1540, 1511, 1192, 1149, 1025, 911

Formate, carbonyl-formate, carbonate-formate, and carbonyl-carbonate-formate

XXI AlL(HCO») 2997(0.1), 1568 (0.7), 1378 (0.1), 1341 (0.1), 1014 (0.1)

XXII Pt(CO)(HCO,)Al 2968 (0.1), 2032 (1.0), 1580 (1.1), 1375 (0.1), 1351 (0.1),
1007 (1.1)

XXIIT  Pt(CO3)AL(HCO,) 3067, 1788, 1505, 1343, 1243, 1160, 956

XXIV Pt(CO)(CO3)AL(HCO,)Al 2987, 2105, 1804, 1610, 1373, 1315, 1158, 992
Others

XXV P{(O)Al(O)AI(CO») 2348 (0.8), 1293 (0.1)

XXVI  Pt(0)Al(CO)(CO») 2390 (0.9), 2100 (0.6), 1326 (0.1)

XXVII  Pt(CO)(COs)(C204)Al 2149, 1877, 1810, 1729, 1186, 1157, 919, 906

XXVIII Pt(CO)(C,04),Al 2145 (0.52), 1896 (1.5), 1875 (1.1), 1821 (1.3), 1805 (0.4),

1261 (0.4), 1187 (0.5), 1050 (2.5), 924 (1.0)
XXIX  PYCO)COs)(COOH)AL 3549 (0.1), 2124 (0.6), 1771 (0.3), 1764 (0.5), 1233 (0.5),
1159 (0.5), 1045 (0.4), 1018 (2.3)
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Starting from Pt; (with platinum formally at zero-oxidation degree, Figure 4b), CO adsorption leads to
an uplift of the single atom, similar to what hydrogen does.* Up to four CO molecules can be adsorbed
on the Pt atom, but with more than one CO molecule the multicarbonyl desorbs from the support.
Adsorbing CO on Pt;O; leads to the formation of a chelating bidentate carbonate (species VIII), i.e. the
same species as suggested from DRIFTS experiments. This species is more stable than the square planar
O,PtCO configuration (species VI), itself very similar to O/CO co-adsorption configurations computed
in the case of Pt SAs anchored on TiO,.*® From the bidentate carbonate, further adsorption of CO leads
to a Pt(CO)(COs) species (XII), which itself converts into Pt(CO),(COs3) (XIII) upon additional CO
chemisorption. From this dicarbonyl-carbonate or the square planar carbonyl, no more CO can be added
(it was attempted, but spontaneous desorption takes place in the course of the optimization). The
computation of CO adsorption free energies indicates that at 20 mbar of CO (i.e. like in the experiments),
XIII is more stable than XII at temperatures lower than 300 °C, the stability domain of XII extends
from 300 to 475°C, and VIII dominates above 475°C (Figure S13). Finally, starting from Pt;04, a
Pt(0)(02)(CO») species (XXV) can be formed (adsorbed CO; formed spontaneously in the course of the
optimization, starting from a Pt;O4(CO) initial state). Alternatively, Pt(O)»(COs) (IX) can be formed,
onto which further CO adsorption leads to stable Pt dicarbonates, Pt(CO3), (species X, XI or XIV). X
can be converted to Pt(CO)(COs), (XV) upon supplementary CO addition, though with lower gain in
adsorption energy. Finally, two additional CO molecules can still be attached, leading to species XXVII
and XXVIII. In the latter, CO-carbonate coupling occurs along the geometry optimization, with the

formation of (OC)-O-(CO,) dimers.

To account for H-containing species, a number of hydration steps were considered (Figure 4), leading
to bicarbonates (species XVI-XX), formates (XXI-XXIV), and carboxyl (XXIX). A carbonyl and/or a
carbonate group are also possibly co-adsorbed. Notably, in the Pt(CO)(CO;)(CO3H) XX species, the

carbonyl group bridges with an oxygen from the support to yield an interfacial CO, species.

As shown experimentally,”® SAs are prone to aggregation in the presence of CO. Starting from the set

of Pt;(CO), models (1 < n < 4, species II to V), and choosing as possible final states Pti3(CO)9 and
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Pt;3(CO)12 models (Figure 5a, shown to be relevant at 20 mbar CO pressure),*® we compute a negative
sintering free energy for temperatures above 80 °C (see Figure S13). This ability of CO to promote
sintering of reduced Pt SAs resembles the one of H».*® In the sole presence of CO, the expected transition
at 80 °C is found from Pt;(CO)s to Pt;3(CO);2. Thus, for comparison, we complemented the previous set
of SA models with cluster models (Figure 5). The corresponding vibration wavenumbers are reported
in Table 3. In addition to the Pti3(CO)9 and Pti3(CO):2» models relevant to CO-rich conditions, we have
selected two sets of stoichiometries, Pt;3022(CO) (Figure 5b) and Pt13016(CO)7 (Figure 5¢), as starting
states for the genesis of adsorbed carbonates, formates, carboxyls, and bicarbonates. Pt;30,, was indeed
shown to be a relevant stoichiometry in oxygen-rich atmospheres,* hence it is an interesting starting
point to analyze the effect a single CO molecule adsorption. The resulting cluster exhibits hemispherical
shape, inherited from that of Pt;30,,, strongly connected to the support by Pt-O bonds. The Pt;30,6(CO);
stoichiometry represents a case of intermediate coverage of O and CO with respect to the other cases.
The morphology of this cluster is intermediate between biplanar and hemispherical shapes, in line with
its behavior in pure CO 3¢ or O, 3% atmospheres. For the proposed carbonate configurations, which
correspond to multidentate species with two Pt atoms and one Al atom, the formation energy is more
negative for the carbonate than for the carbonyl in the case of Pt;306(CO)7, whereas the formation of
the carbonyl is slightly more favorable in the Pt;3022(CO) case (Figure 5). It is, however, difficult to
conclude univocally about the conditions where carbonates are formed more likely at the border of
clusters, as this would require a more careful investigation of the full configurational space. Among
species obtained with a contribution of water, bicarbonates are more stable than carboxyls and formates,

the formation of the latter being endo-energetic.

This investigation shows the importance of considering oxidized forms of Pt SAs, not solely reduced
ones. A comparison can be made with results previously obtained by Thang et al.*® for Pt SAs supported
on anatase TiO,: the adsorption energy of CO on reduced Pt clusters is much stronger than on PtO, SAs,
which were found more active for CO oxidation, whereas the opposite trends are observed in the present

work. Moreover, unlike for Pt/y-Al,Os3, in the case of Pt/TiO, CO was found more strongly adsorbed on
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the NPs than on the SAs, which were found more active. This reveals the importance of metal-support

interactions for monitoring Pt SA reactivity.

Besides, we are aware that the diversity of species in presence may be much wider than simulated here,
as we have only considered the dehydrated and dehydroxylated (100) facet of y-alumina as support for
the Pt SAs and clusters. Alumina platelets indeed exhibit much more diverse sites, due to other facets?*3

49,50

and edges some of these being hydroxylated — for which surface models are available, opening

perspectives to the current work.
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Figure 5. DFT-optimized models of CO adsorption and hydration on Pt,; clusters supported on alumina:
a) Pt;3(CO),, b) Pt130:2(CO), c¢) Pt130:6(CO);. The corresponding energy gain/loss (kJ/mol) are
indicated on the arrows. The dotted green ovals locate the relevant functional group. CO adsorption

energy is reported as an average value for the Pt;30,6(CO); case. Av. means average.
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Table 3. DFT-computed vibration wavenumbers (cm™) for selected Pt species adsorbed on alumina.
Numbers in italic correspond to shifted wavenumbers (see Section 2.4). The intensity of the mode is
reported between brackets in arbitrary units. Pt;3(CO)9 and Pt;3(CO) ;. supported clusters are extracted
from ref. 3°. The underlined Roman numerals correspond to the most probable species. Al atoms
coordinated to ligands are not mentioned in the case of O ligand, as many Al atoms are involved in the

metal/support interaction. They are mentioned only if they are present for ligands different from O.

Carbonyl

XXX Pt13(CO)o 2071 (13.8), 2051 (4.8), 2048 (1.1), 2043 (4.1), 2041 (3.4), 2038
(2.5), 2033 (0.2), 2032 (1.2), 1928 (8.6)

XXXI Pt13(CO)12Al 2085 (26.3), 2061 (9.8), 2059 (12.6), 2047 (8.3), 2042 (3.7),
2039 (1.8), 2037 (0.5), 2033 (0.1), 2029 (0.2), 2024 (0.9), 1867
(0.9), 1700 (2.1)

XXXTII Pt13022(CO) 2105 (2.7)

XXXIII  Pt;3046(CO); 2100 (3.5), 2087 (1.4), 2085 (2.0), 2074 (0.4), 2065 (1.8), 2052

(2.3), 2048 (2.0)

Carbonate and carbonyl-carbonate

XXXIV  Pt13020(CO3)Al 1699 (2.7), 1220 (0.3), 1006 (2.6), 839 (0.3)

XXXV Pt13014(CO)(CO3)Al 2111 (1.7), 2098 (1.8), 2080 (0.2), 2074 (4.1), 2069 (2.1), 2061
(0.1), 1551 (3.8), 1251 (0.1), 1056 (0.5), 990 (2.1)

Adsorbed CO;
XXXVI Pt13021(CO2)Al 1728, 1084
XXXVII  Pt;30,1(CO») 2344, 1294

XXXVIII  Pt130:5(CO)6(CO2) 2101, 2094, 2090, 2076, 2070, 2061, 1771, 1115

Formate and carbonyl-formate

XXXIX  Pt;3022(CO2H) 2758 (0.7), 1686 (0.9), 1287 (0.1), 1098 (0.1), 1039 (1.5)

XL Pt13016(CO)(COH) 2940 (0.1), 2102 (3.0), 2085 (3.6), 2066 (3.0), 2062 (3.7), 2036
(1.1), 2024 (3.4), 1598 (2.2), 1326 (0.1), 1220 (0.9), 1010 (1.6)

Bicarbonate and carbonyl-bicarbonate

XLI Pt13021(COsH)AL 3636 (0.3), 2813 (4.3), 1544 (0.7), 1431 (0.9), 1180 (0.9)

XLII Pt13015(CO)s(COsH) 3649 (0.3), 2101 (3.0), 2075 (0.2), 2066 (4.9), 2055 (4.1), 2052
(0.4), 2050 (1.0), 1618 (0.2), 1362 (2.4), 1208 (0.9), 1022 (0.8)

Carboxyl and carbonyl-carboxyl

XLIII Pt13022(COOH) 3577 (0.2), 1709 (0.4), 1271 (0.2), 1048 (2.0), 1011 (2.2)

XLIV Pt13016(CO)s(COOH) 3579 (0.1), 2099 (3.2), 2081 (4.1), 2067 (1.5), 2059 (1.2), 2038
(1.4), 2012 (2.6), 1718 (0.7), 1273 (0.2), 1062 (2.3)
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4. Discussion

We now compare the vibration frequencies and their intensities (Tables 2 and 3) with operando DRIFTS
results, spectral zone by spectral zone, to conclude about the species in presence under the practical

operating conditions.

Regarding computed vibrational wavenumbers for Pt carbonyls, the most intense contributions
(computed maximal intensity 26.3 a.u.) are expected to correspond to reduced forms of Pt;3 clusters, i.e.
Pt;3(CO)o and Pt;3(CO)12, in particular for the highest-frequency top sites between 2060 and 2085 ¢cm’!
(Table 3). The Pt13(CO)9 model is consistent with the DRIFTS spectra recorded during CO desorption
experiments on pre-reduced catalysts (Figure S9). After the pre-oxidation treatment applied in our case
and under the subsequent CO oxidation conditions, the clusters are partially oxidized.”> Among clusters
combining oxygen and CO as co-adsorbates, the Pt;30:6(CO); model is the one that best represents the
state of the nanocatalyst at low temperature (i.e. before reaction light-off from 150 °C), with respect to
the more oxidized Pt;3022(CO) model, on the basis of the comparison between experimental and
computed IR features. Note, however, that the former, besides the vibrations at 2100-2085 cm!, also
exhibits a significant signal close to 2050 cm™ due to CO molecules that are at the interface between the
cluster and the support. The lower intensity of such a signal experimentally (low-frequency shoulder)
suggests that the real CO coverage is probably lower than the one simulated here. Nevertheless, the

exhaustive sampling of all O/CO coverages on Pt;3 clusters is beyond the scope of the present work.

Carbonyls held by SAs exhibit maximal intensities of the order of 1 a.u. according to our DFT
calculations (Table 2), which is less intense than for clusters. Pt;(CO); (II) is expected to give rise to a
signal at 2058 cm™!, which splits into higher and lower frequency modes when increasing the number of
adsorbed CO molecules. The computed intensities for species III to V however show that the higher-
frequency modes are less intense than the low-frequency one. Thus, carbonyls held by reduced SAs
should lead to detectable signals in the 2015-2075 cm™ range, which is not observed experimentally
(Figure 2). This holds for species XXII, in which CO is co-adsorbed with a formate group, and is

computed at 2032 cm™'. This means that either these species are not formed, or they quickly convert into
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more stable species, such as clusters, as discussed previously. Oxidized forms of SAs bonded to
carbonyls are at the origin of a CO elongation mode computed at a significantly higher wavenumber
with respect to reduced forms, which falls in the 2084-2150 cm™! interval. The highest values, close to
2150 cm!, correspond to species XIII, XIV, XV, XXVII, and XXVIII, in which CO co-adsorbs with
carbonates or/and C,0O4 groups, most of the time within octahedral Pt complexes (with the exception of
XIII, which is square planar). They correspond to cases were the adsorption strength of CO (possibly
including the formation of the dimer) is weak to moderate (-55 to -167 kJ.mol™"). Their spectral feature
is close to that of gas-phase CO (2143 cm™"), suggesting a very weak covalent bonding between Pt and
CO. Consistently, the fact that no contribution is observed experimentally close to 2150 cm™ suggests
that, in the present operating conditions, these species are not formed, as the computed intensities are
comparable to those of other carbonyls on SACs. Other carbonyls linked to oxidized Pt (VI, XII, XXIV,
XXVI, XXIX) give rise to signals between 2094 and 2124 cm’!, which are likely to correspond to the
experimental signal at 2105 cm™ (Figure 2). Thus, in the end, from the analysis of the computed CO
frequencies, the 2105 cm™ band can be assigned to carbonyls held by oxidized clusters or/and SAs,

possibly in the presence of co-adsorbates such as carbonates, carboxyls, bicarbonates, or formates.

Regarding the vibrations of carbonates, a strong overestimation of the highest computed frequency
modes (vco) with respect to experiments is systematically observed (by up to 150 cm™, see Table S1 and
Figure S14), as well as an underestimation of the second mode (vascoo), as it was reported in the literature
for several kinds of carbonates with frequency estimations at the GGA level '3 We confirmed this
observation by computing the vibrational frequencies of the molecular complex reported in ref. 3* at the
same level of theory as the surfaces modelled here (Table S1). Solving this problem would require going
beyond the GGA level for frequency calculations. It is thus likely that the good matching between the
computed frequencies at 1550 and 1250 cm! for the carbonate in Pt;3014(CO)6(CO3) (species XXXV)
and the experimentally observed ones is fortuitous, carbonates being seen for the SAC only. Notably,
the simulated C,Os species XXVII and XXVIII are expected to yield computed vibrational modes in

the same vibrational region as carbonates, which makes these two families of species hardly
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distinguishable. Assuming a maximal 150 cm™ shift between experimental and computed features for
the highest frequency mode makes species IX (PtO2(CO3)) and XXXIV (Pt;13020(CO3)) relevant. Species
XII and XIII, which are attractive from the thermodynamic point of view (Figure S13e) and
accommodate both a carbonyl and a carbonate on the same Pt single atom, give rise to higher frequencies
than species IX for the carbonate group, which lets the question of their experimental observation open.
Similarly, species XXIX and XXIV, which are compatible with the experiments for the carbonyl signal,

exhibit a higher vco frequency for the carbonate group.

The computed wavenumbers of bicarbonates are much more comparable to the experiments.
Considering non-hydrogen-bonded OH groups belonging to bicarbonates, a voy wavenumber close to
3670 cm™! for SAs (species XVI-XX), and between 3630 and 3650 cm™ (harmonic values) for clusters
(species XLI and XLII), is predicted, in very good agreement with previous estimations for bicarbonates
on the Pt(111) surface.’” The best agreement with the experimental wavenumbers at 1230, 1440 and
1655 cm! is obtained with species XVII (Pt(COsH)), a bidentate species bonded to Pt and Al. No general
rule can be detected with respect to the ranking of the bicarbonate frequencies as a function of Pt

nuclearity (SA versus cluster).

Carboxyls exhibit a computed harmonic O-H bond elongation frequency of 3549 cm for the SA
(species XXIX) and slightly lower than 3580 ¢cm™! for the clusters (XXXVIII and XXXIX). However,
these bands overlap with O-H stretching ones coming from adsorbed hydroxyl groups or water
molecules. In the case of species XXIX, as the carboxyl group is a co-ligand of Pt with a carbonate, a
series of modes coupling both ligands appears between 1018 and 1771 cm™, typically in the same range
as carbonates alone, thus giving rise to the same limitations in terms of comparison with experiments.
Similarly, for the clusters, the carboxyl group modes fall in a similar wavenumber range as carbonates,

although not coupled to other modes.

Formates (species XXI-XXIV) are computed to give a harmonic C-H frequency between 2968 and 3067

cm’!, in agreement with experimental observations (Figure S10) and previous calculations performed on
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the Ni(111) surface.” The greatest intensities are predicted for the COO bending modes at 1568 cm’!
for the Al formate and 1580 cm™ for a Pt carbonyl-formate. Similar intensities are expected for these
two species. Thus, the experimental observation of this band mainly on the alumina support is not due
to differences in extinction coefficients but clearly demonstrates the preferred formation of formates on
the support above 200 °C. In contrast, the bicarbonates initially present on Pt catalysts at low temperature
are retained above 200 °C, which is consistent with their higher computed stability compared to formates

(Figure 5), unlike on pure alumina (Figure 4).

Finally, species XXV (SA) and XXXVII (cluster) involve linearly adsorbed CO; on Pt, which exhibits
an asymmetric vibration mode at 2348 and 2344 cm’!, respectively, in excellent agreement with the

DRIFTS signal. This weak feature is observed on all samples.

— T r T 1 T T T T T I T T
[0.2 formate
— S . A|203 (cooling)
| J\ Al(HCO,)
- s e— N —— A|203 (heating)
o 4 A Al,(CO5H)
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= /\/\ 4 ~— Pt /Al,O,
£ |[co
o 2 phys L bicarbonate
< carbonyl
T 7 o N P|:1/A|203
PtO(O,)(CO,)
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J\ N\ /| Pt(CO,H)AI
A Pt(CO)(COy)
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Wavenumber (cm™)

Figure 6. Comparison between recorded DRIFTS spectra (thick lines) and computed wavenumbers (thin

lines) for the most probable species. * indicates carbonate vibrations.
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The rectangles in Figures 4 and 5 identify the most probable species on the basis of the comparison of
DRIFTS experiments and computed frequencies, as also summarized in Figure 6 showing representative
spectra and computed band positions. The latter comparison shows the good agreement between
experiment and theory regarding bicarbonate (CO3;H) and formate (CO,H) species, the latter being
mostly formed on alumina (species XXI). As for CO chemisorption and COs formation on Pt SAs, the
comparison of thermodynamic features (Figure S13e¢) is favorable to co-adsorption (species XII and
XIII) versus separate adsorption. The energy gains for CO adsorption are also much stronger on SAs
than on clusters, according to DFT. The similarity in experimental thermal behaviors of Pt-CO and Pt-
CO; bands for the SAC (Figure 3) additionally suggests that Pt SAs simultaneously accommodate both
chemical groups in the form of a Pt carbonyl-carbonate species resembling the one represented in Figure
4 (species XII and XIII), even if the computed frequencies are more in agreement (though with large
differences for the carbonates) with species independently adsorbed on the SAC (species VI and IX).
Notably, the need for a positive initial Pt oxidation state for co-adsorbing CO;3 and CO groups (Figure
4) can explain the negligible fraction of carbonyl species present on the SAC with respect to carbonates

in CO desorption experiments, i.e. in the absence of O, (Figures S8 and S9).

As far as the intrinsic activity of the SAs is concerned, consistently with our previous one,? this work
suggests that they are inactive spectator species. Newton et al. reported a release of CO, under CO at
RT, and ascribe it to the Pt(CO;) — Pt(O) + CO» reaction.!® In their transient process, the single Pt atom
is thought to be regenerated under O to Pt(O). thanks to the neighboring presence of Pt NPs which
enable O, dissociation as well as CO storage; Pt(O), is then converted back to Pt(COs) under the next
CO pulse. Nonetheless, while — as in our case — bidentate carbonate formation from CO adsorption on
Pt(0O,) was found exo-energetic by Moses deBusk et al., CO; formation from Pt(COs3) is endo-energetic
(2.22 eV).'® According to our calculations, a similar transient CO» release may occur from the interaction
of Pt;04 with CO through species XXV (Figure 4), i.e. without involving a Pt carbonate. A weak CO,
signal was detected at 20-50 °C in our experiments, but it is present both on the SAC and the NC and

even on pure alumina (Figure 2), and it is rather ascribed to physisorbed CO, (Figure 6).
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Also from DFT, Gao proposed the formation of a bidentate Pt(O*~O—C*=0) species,* similar to the
ones suggested by Allian et al. > and Yin et al.>® for Pt clusters. We computed such a species from
Pt,0,, corresponding to a CO adsorption energy of -141 kJ.mol!' (not shown). It is thus a high-energy
intermediate with respect to species VI and VIII. CO; could be evolved from this instable species, which
however was not experimentally detected. Instead, the carbonate species detected on the SAC by
DRIFTS is present at all temperatures and not correlated to CO, formation. Finally, bicarbonate species

may contribute to CO; evolution at high temperature, but they are not specific to the SAC.

Both experimental and theoretical results indicate that Pt single atoms are poisoned by carbonyl and
carbonate species. On the DRIFTS side, Figure 2 and Figure 3 show that these species are present
throughout the temperature cycle on SAs, whereas their coverage is very low (Pt-CO) or zero (Pt-COs)
on the NPs during the reaction. From DFT calculations, Figure 4 and Figure 5 report that carbonyl and
carbonate adsorption energies are much higher on the SAs than on the NPs. Hence, these results

rationalize the poor activity found for the SAs compared to the NPs.!”*

5. Conclusions

We have reported a thorough experimental (DRIFTS) and theoretical (DFT) study aiming at
understanding the nature and evolution of adsorbed carbon-containing molecular species, beyond the
simple Pt-CO carbonyl, at the surface of the prototypical Pt/Al,O; SAC system under CO oxidation
conditions, in comparison to a nanocatalyst counterpart. Whereas the nanocatalyst is covered by active
Pt-CO carbonyl and mostly spectator HCOs bicarbonate species (1655, 1440 and 1230 cm™), the SAC
additionally exhibits a high concentration of carbonate species. Moreover, the Pt;-CO (2105 cm™) and
Pt;-CO;5 (1550 and 1250 cm) IR features are highly correlated and both of them are essentially

spectators.

DFT calculations indicate that the most probable carbonyl and bicarbonate species in the SAC are Pt;0,-

CO (2119 cm) and Pt;-(COsH)-Al (1610, 1435 and 1188 cm™), respectively. For carbonates, the
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comparison with experiments is made difficult by the known inability of DFT to predict carbonate
vibration modes, that we substantiate in this work. From a spectroscopic viewpoint, the least unfavorable
candidate with respect to the experimental results is a Pt;0,-COs3 chelating bidentate carbonate (1691
and 1228 cm™), which would coexist with the Pt;0,-CO species. However, from thermodynamic
(adsorption energies) and experimental (simultaneous thermal evolution of IR intensities) arguments,
the calculations point to hybrid carbonate-carbonyl species, OC-Pt;-CO3-Al and (OC),-Pt;-COs-Al.
These adsorbates are derived from an already stable Pt-CO; chelating bidentate Pt carbonate (energy
gain of 466 kJ/mol with respect to Pt;0,), but with additional energy gain(s) of 137 kJ/mol (137+102

kJ/mol) upon addition of one (two) CO molecule(s).

Reduced forms of Pt SA were computed to be thermodynamically unstable under CO atmosphere, with
a tendency to clustering, consistently with experiments. Supported Pti3, Pti3016 and Pti1302, cluster
models were used to understand the behavior of nanocatalysts. The Pt;30i¢ stoichiometry leads to
computed frequencies for adsorbed carbonyls, Pti3016(CO);, that show the best agreement with
experiments in CO oxidation atmosphere for temperatures below 150 °C. Bicarbonates are also likely

formed on (or at the periphery of) such clusters in the same conditions.

Whether co-adsorbed on the same Pt atom or independently adsorbed, the high stability of carbonyl and
carbonates moieties on single atoms, much higher than on clusters, can explain the much lower activity

of Pt/alumina SACs for CO oxidation in comparison with nanocatalysts.
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