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Abstract

The determination of active platinum species at the surface of Pt/CeO, catalysts is still a hot
topic in the literature. In this work, an oxidizing pretreatment at 500 °C was applied to generate
ultradispersed PtOy species before the reaction. It is shown that the molar activity of such
catalysts for the water gas shift reaction is strongly dependent on the platinum content, increasing
by a factor of 2.5 from 0.1 to 0.6 wt% and stabilizing from 0.6 to 1.4 wt%. The tracking of Pt
species present under reaction conditions (230 °C, H,O/CO=4) was performed using operando
DRIFT spectroscopy, CO-TPR and STEM in connection with the catalytic activity. A major
structural change was found for Pt loadings above 0.6 wt% through the formation of metallic Pt°
nanoparticles of ca 1.4 nm from oxidized Pt single atoms and clusters. Conversely, for Pt
contents below 0.6 wt%, Pt species possess a stronger interaction with CeO, as well as a lower
nuclearity, limiting their activation under reaction conditions. This strongly suggests that metallic
Pt nanoparticles, prevalent at high loading, are more active than oxidic PtOy single atoms and
small clusters, which are predominantly present at low loading. This study highlights the key role
of PtOy reducibility and the importance to optimize the Pt loading to obtain active catalysts for

the water-gas shift reaction.

Keywords: Pt/CeO, catalyst, water-gas shift reaction, oxidized Pt single atoms and clusters,

metallic Pt nanoparticles, structural dynamics.
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1. Introduction

The water-gas shift reaction (WGS, CO + H,0 < CO, + Hy) is an essential step in different
industrial processes employing hydrogen, such as the Haber-Bosch process and the methanol
synthesis [1]. To face the difficulty of separating CO and H, without incurring significant
economic and environmental costs, it was introduced to purify hydrogen and adjust its amount.
This reaction is equilibrated and exothermic by about -41.1 kJ.mol™ under standard conditions, in
the direction of H, and CO, formation [2]. Under industrial conditions, CO conversion is limited
kinetically at low temperatures and thermodynamically at high temperatures, which has led to a

major search for Low-Temperature Shift (LTS) catalysts [1].

The development of catalysts more active than the industrial ones at 190 — 250 °C is still a
challenge [1]. Indeed, the use of industrial catalysts such as Cu-ZnO-Al,0O3, leads to numerous
issues due to a low activity requiring an increase in contact time, a CO partial order close to unity
limiting the Kinetics close to the equilibrium, a risk of ignition under exposure to air, and the need
for pretreatments before each reaction run [1]. Many catalysts have been developed to find an
alternative to the Cu-ZnO-Al,O3 reference. Among different systems, Pt/CeO, presents a high

activity, selectivity, and stability for LTS [3-5].

A deep understanding of the reaction mechanism could lead to the development of Pt/CeO,
catalysts with higher performance. To date, two mechanisms have been described in the
literature, the redox and the associative ones, each involving adsorption of CO on a metallic atom
and H,O dissociation on an oxygen vacancy [6-8]. However, the identification of the different
active species for the WGS reaction is still a matter of debate in the literature. For instance, it was
shown that the support does not participate in the reaction [9] while the importance of the
interface or oxygen vacancies was highlighted [10-12]. Moreover, some groups consider
oxidized platinum atoms as active for the reaction [13-15], while others conclude that only the
metallic ones are involved [16-22]. More precisely, Flytzani-Stephanopoulos and coworkers
have concluded after leaching metallic nanoparticles (NPs) that cationic Pt species are the ones
active for WGS [13,14]. Other studies have shown that ultradispersed oxidized species are little
active in the reaction compared to metallic NPs [20,21]. Recent works indicate that the perimeter
Pt-O,-Ce** sites of NPs are the most active for WGS, despite disagreement on the Pt oxidation

state [16,22] and X. Li concluded that corner sites of small Pt clusters at the metal-support



interface are the dominant active sites, three orders of magnitude more active than other sites
[20].

Investigating the influence of the metal loading on the catalyst activity by tracking Pt
structural modifications is an interesting way to determine the role of platinum species in the
reaction, as it has recently been shown by Maurer et al. for CO oxidation [23]. For WGS,
different authors have previously studied the influence of the Pt content [14,15,24,25]. For
example, Jacobs et al. have observed that the conversion increases with Pt content from 0 to 5
wt% after a reductive pretreatment under H, [25]. Nevertheless, most of these studies compare
the influence of the loading by tracking the impact of the temperature at low temperatures of
reaction (120 — 180 °C) or after reductive pretreatment, where structural modifications are not
favored.

In this work, the impact of the Pt loading on the Pt/ceria catalyst state and performance has
been studied between 0.1 and 1.7 wt% Pt. An oxidative pretreatment at 500 °C was applied
because it allows to ultradispersed platinum atoms at the surface of CeO, before submitting the
catalyst to highly reducing WGS conditions, which favor Pt agglomeration [26]. To explain the
influence of metal loadings on dispersion, and redox modification of platinum species under
reaction conditions, the catalysts were characterized by crossing different techniques. As a result,
a relationship between the nature of Pt species present in the catalysts depending on the Pt
loading and the catalytic activity was established.

2. Experimental
2.1. Catalyst preparation

Pt/CeO, catalysts with various loadings were prepared by wet impregnation of 2 g of CeO,
(150 m?.g™, Solvay Special Chem Company) with 24 mL of Pt(NH3)4(NOs), (>99% purity,
Sigma Aldrich) precursor solution at 60 °C for 4 h under a stirring of 400 rpm. Water was then
removed with a rotary evaporator at a temperature of 70 °C and a pressure of 200 mbar. The
obtained powder was dried and finally calcined under air flow of 100 NmL.min? at 500 °C
(heating rate 10 °C. min™) during 4 h. The samples are labelled xPt with x corresponding to the

Pt weight percent determined by X-ray Fluorescence (XRF).

2.2. Catalyst characterization



Pt loading quantification was carried out by X-ray Fluorescence (L, band) by placing
approximately 1 g of sample, previously ground, in a capsule under a He flow of a Malvern
Panalytical Epsilon 4 spectrometer and using a calibration curve determined from ICP-OES

measurements (Figure S1).

The Sger surface areas of Pt/CeO, samples were determined with an ASAP 2020
(Micromeritics) apparatus by nitrogen physisorption volumetry at -196 °C after pretreatment at
300 °C under a vacuum of 10” mbar using a Smart Vac Prep (Micromeritics) apparatus.

The powder X-Ray Diffraction (XRD) analyses were carried out in a Bragg-Brentano
optical configuration on a Bruker D8 Advance A25 equipped with a LynxEye XE-T detector. The
K, line of Cu (A=1.54184 A) was used as emission source. Diffractograms were recorded from 4
to 80 ° with a goniometer using a step size of 0.02 ° and an acquisition time of 0.5 s per step and
processed using the Diffrac.eva software. Furthermore, the crystallite size was determined using
the Scherrer equation: D=KA/(fi*cos(0)) where D is the crystallite size, /1 the wavelength of the
X-ray beam, /i the full width at half-maximum corrected of the instrumental width (0.06 °) and &
the diffraction peak angle. After reaction, diffractograms were also recorded between 37 and 40 °

with a step size of 0.02 ° and an acquisition time of 12 s per step.

A Titan ETEM G2 80-300 kV (FEI) microscope equipped with a spherical aberration
corrector was operated at 300 kV for the Scanning Transmission Electron Microscopy (STEM)
analyses, which were mainly carried out in Annular Dark Field (ADF) mode (resolution better
than 0.136 nm) under ultrahigh vacuum. A few milligrams of the sample were ground and
ultrasonically suspended in ethanol for each preparation. Two to three drops of the suspension
were deposited on the surface of the holey carbon film covering a 300-mesh copper grid. Further
analyses were carried out on a JEM-ARM200F Cold FEG microscope operated at 200 kV
equipped with a Cs probe corrector and cold field emission source for the Scanning Transmission
Electron Microscopy (STEM) analyses. The obtained resolution is 0.78 A in High-Angle Annular
Dark Field (HAADF) mode under ultrahigh vacuum with the GATAN detector. EDX analyses
were performed using a CENTURIO-X SDD detector (129 eV resolution).

MicroRaman spectra were recorded in ambient air with a LabRAM HR (Horiba)
spectrometer equipped with an Edge filter, a diffraction grating (300 line.mm™) and a CCD

detector cooled at -75 °C. An x50 microscope objective was chosen to focus the laser light (514
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nm, 0.3 mW) and recollect the backscattered light. The spectral and spatial resolutions were 4

cm™ and 2 um, respectively. The acquisition time was 40 s for the 100-2000 cm™ spectral range.

Temperature-Programmed Reduction under CO (CO-TPR) curves were obtained using a 9
Omnistar GSD 301 O2 (Pfeiffer Vacuum) mass spectrometer coupled to a flow fixed bed reactor
setup. For each gas, the flowrate was monitored by a Brooks flowmeter. A tubular furnace heated
the reactor, with the use of one thermocouple in the furnace and another at the powder bed level.
The sample (50 mg) was placed in a U-shape reactor (internal diameter of 4 mm) on a quartz
fibber pad, pretreated under 40 NmL.min™ of 1%0,/He to remove surface species at 500 °C
during 1 h (OX1) and then exposed to 40 NmL.min™ of 1% CO/He while heating from room
temperature (RT) to 500 °C (10 °C.min™) after stabilization of the CO signal (m/z = 28) and then
waiting for 1 h at 500 °C. Both the signals at m/z = 28 and 44 were recorded to quantity the CO
consumption and CO, production, respectively.

Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra were obtained with a
Thermo Nicolet IR-TF 6700 spectrometer equipped with a ceramic source, a high sensitivity
MCT detector cooled by liquid nitrogen and a Harrick-HVC-DRP cell for in situ and operando
experiments. They were recorded with the Thermo OMNIC software, averaging 32 scans at a
spectral resolution of 4 cm™. Prior to each CO chemisorption experiment, the catalysts were
pretreated at 500 °C for 1 h under 20% O,-He flow of 50 NmL.min™ for the fresh catalysts or
under He for the spent ones. CO chemisorption was carried out from -10 to 20 °C on 50 mg of
the catalyst under a 2% CO/He flow at 25 NmL/min. For CO-TPR monitored by DRIFT
spectroscopy, the catalysts were pretreated under synthetic air at 500 °C. A temperature ramp of
10 °C/min under 25 NmL/min of 2% CO/He was then applied to the Harrick cell with steps at 50,
100, 145, 190, 234 and 279 °C for 30 min each. Operando measurements were carried out at 230
°C under Pco = 5 mbar and Puzo = 20 mbar (H,O/CO ratio=4). The GHSV value was 1000
mL.min™.g™. Spectra were recorded every minute during the reaction. In both cases, the
background corresponded to the spectra of KBr recorded at the same temperatures. An Inficon
Transpector CPM 3 mass spectrometer was placed at the reactor outlet to analyze the gas

composition.

High-resolution X-ray Photoelectron Spectroscopy (HR-XPS) measurements were carried

out using a commercial KRATOS Ultra-DLD spectrometer equipped with a monochromatic Al



K, source (1486.6 eV). The charge energy shift of the Pt 4f spectra was corrected by fixing the
adventitious carbon C 1s core level at 284.6 eV. The Pt 4f fitting decomposition was performed

using a combination of Voigt line shapes.

2.3. Catalytic measurements

For WGS tests, the catalysts were introduced in a straight Pyrex reactor with an internal
diameter of 1 cm. The gas lines were separated into two parts: one for the reaction mixture and
another one for the pretreatment since the reactor was fed by different gas lines: Ar and He as
carrier and tracer gases, O, for pretreatment, H,O and CO for the reaction. The gaseous H,O flow
was obtained using a KDS syringe pump equipped with a 25 mL Terumo syringe and a
homemade vaporizer at 150 °C. The flow rates were controlled by Bronkhorst flowmeters for
He/O, and Brooks ones for CO/Ar. The mixing of the gases was done in a heating box at a
temperature of 150 °C to avoid water condensation while homogenizing the reaction mixture.
The output analysis was performed using an Inficon Transpector CPM 3 mass spectrometer (MS)
controlled with the FabGuard software. A catalyst mass of 200 mg sieved between 106 and 180
pm was placed in the reactor. Prior to any catalytic test, a treatment under 100 NmL/min of a
20% O,/Ar mixture was carried out at 500 °C for 1 h. The flow rates were 40 NmL.min™ for
H,0, 10 NmL/min for CO and 65 NmL/min for Ar (H,O/CO/Ar/He:33.3/8.3/54.2/4.2%). He (5
NmL/min) was used as an internal standard for MS analysis. Considering the catalyst mass and
the total flow rate, the GHSV value was 600 mL.min™.g™.

The following equations were used to determine the Yy, yield and the R molar activity:

CHZ out
Yip (%)= < x 100
" CCO,out + CHZ,out
Yy, X F
R(moly, molp, ts™l = "0
Np;

with Cx oy the molar concentration (bar) of compound X at the outlet, Fco the CO molar
flow rate (mol/s). Ccoout + Chzout Was used instead of Cco iy in the calculation of Yy, to limit
uncertainties of measurement due to water condensation in the trap after the reactor. It is valid as
the selectivity to H, and CO;, was ca. 100%. Preliminary measurements varying the mass of

catalyst from 50 to 200 mg and its granulometry from 50-80 to 106-180 um demonstrated the



absence of external and internal diffusion limitations for a large range of conversion. The

granulometry was then fixed to 106-180 pum.

3. Results and discussion
3.1. Characterization of Pt/CeO; at the fresh state
The platinum content of the Pt/CeO, catalysts varied from 0.10 to 1.72 wt% (Table S1), as
determined by XRF. Their Sger specific surface areas were close to that of bare CeO, (152 m2.g
1, leading to a Pt surface content varying from 0.02 to 0.35 Pt.nm, which is much lower than
the theoretical monolayer value (15.2 Pt.nm™ for Pt(111)) [27].

The X-ray diffractograms of the fresh catalysts correspond to cubic CeO, (Figure 1) with a
crystallite size of 7-8 nm. Additional peaks due to PtO, and Pt® crystalline phases were not
detected, suggesting a high platinum dispersion. Nevertheless, the main diffraction peak at 39.7°
relative to the Pt(111) plane of Pt° was slightly above the noise level for the 1.72Pt catalyst (see

the zoom in Figure 1). This suggests a potential redox process during the calcination step leading
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Figure 1. X-ray diffractograms of (a) 0.59Pt, (b) 0.80Pt, (c) 1.06Pt and (d) 1.72Pt catalysts in the
fresh state between 10 and 80°, and zoomed between 36 and 44° (insert). The peaks are indexed
with those of cubic CeO,.

STEM-ADF images recorded with a Titan ETEM G2 microscope show CeO, crystallites
(Figure S2) but do not reveal any platinum structure in the fresh catalysts, suggesting that Pt is in
an ultradispersed state [26] in the form of subnanometric clusters and/or single atoms (SAs), as
reported by Lin et al. and Ferré et al. after calcination [28,29]. Indeed, as the atomic numbers of
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Pt and Ce are close (58 and 78, respectively), as CeO, crystallites are relatively thick (7-8 nm)
and as the structure of PtOy could be two-dimensional with a lower density of Pt than in metallic
P, it is difficult to observe subnanometric PtO, species on CeO, [30,31]. However, by using a
JEM-ARM200F Cold FEG probe-corrected microscope, both Pt clusters and SAs were
distinguished in the 1.72Pt catalyst (Figure 2). When recording the EDX spectrum coming from
areas where such species were clearly identified or suspected, the M band at 2.048keV of Pt was
observed (Figure S3). It was previously shown by XPS that these species mostly contain Pt**
cations [29].

Figure 2. STEM-HAADF images recorded with a JEM-ARM200F Cold FEG corrected
microscope of 1.72Pt catalyst in the fresh state. Red arrows point to Pt SAs while Pt clusters are
circled.



Raman spectra of the Pt/CeO, catalysts (Figure 3a) show the characteristic bands of
nanocrystalline CeO, with the F,4 band at 460 cm™, the surface modes of the (111) planes at 240
and 400 cm™, the defect D band near 595 cm™ and the 2L.O second-order band at 1165 cm™ [32].
In addition, the bands near 560 and 660-685 cm™ are attributed either to vas(Pt-O-Ce) and vs(Pt-
O-Ce) stretching vibrations [33] or v(Pt-O-Ce) and v(Pt-O) stretching vibrations [28] of PtOx
species highly dispersed on the surface of CeO,, respectively. The first attribution assumes that
only Pt-O-Ce bridging bonds are observed by Raman spectroscopy while terminal Pt-O bonds
would also be observed in the second assumption. For the sake of simplicity, the second band is
labeled v(PtOy) in the following. Note that the two bands cannot be attributed to crystalline PtO,
Pt304, a-PtO, or B-PtO, but are rather close to those of PtsOg (main bands at 509-527 and 642-
670 cm™) [34].

[=-]

1 (a1

1 surface = (b)
; 1 modes z

3 ] -—"

5 j ‘;6— ~u
- ] o T~ ]
=] 3 .
@ ] = B
5 | 3

] 44
E ] £
@ ] © .A[
2 e 17"
® ] =
° 1 =27 / —=—v(PtO,) band
x o 14 —=— D and v(P+-0-Ce) bands

x Yy
0 . . . r . . T
200 400 600 800 1000 1200 1400 00 05 10 1.5 20 25 30 35 40
Wavenumber cm’) Pt content (wt%)

Figure 3. (a) Raman spectra of Pt/CeO; catalysts in the fresh state and (b) Relative amplitude of
the v(PtO,) band around 670 cm™ as a function of the Pt content after normalization to the
amplitude of the 2L.O band.

The relative amplitude of the v(Pt-O-Ce) and v(PtOy) bands increases with the Pt content
until reaching a plateau at around 0.80-1.06 wt% of Pt (Figure 3b). The amplitude of the former
band is initially higher because of the D band contribution and possibly a high proportion of Pt-
O-Ce bonds. The plateau observed for contents above 1.06 wt% suggests that other Pt species

than PtOy are present but they badly respond by Raman spectroscopy and are not detected.

CO-DRIFT spectra of Pt/CeO, catalysts recorded from -10 to 20 °C are plotted in Figure 4.
The spectra recorded at -10 °C exhibit two bands at 2156 and 2173 cm™ resulting from
coulombic interaction between CO and Ce** as well as CO and Ce*" Lewis acid sites,

respectively [35]. Note that the strength of these sites is relatively weak considering the slight
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shift of the two bands compared to the gas phase (v(CO)gas=2143 cm™) [36]. Those bands
disappear when increasing the temperature to 20 °C. No other significant band was observed for
the 0.10Pt catalyst while the main band was located at 2090 cm™ for 0.59Pt, 0.80Pt and 1.06Pt. It
was attributed either to CO molecules adsorbed on oxidized Pt clusters [31,37,38] or on SAs
[30,38-40] in the literature. According to Resasco et al. [31], the interaction between Pt SAs and
CO is weak at room temperature limiting identification of such species. It arises from their
saturated coordination shell leading to a low propensity to form additional bonds with CO
(predicted CO adsorption energy of ~10 kJ.mol™).[31] Therefore, the spectrum of the 0.10Pt
catalyst at 20 °C suggests that this catalyst only contains SAs. Note that the same authors
assumed that above a content of 0.10 wt%, the sites stabilizing the Pt SAs on the surface of the

used commercial ceria used become saturated.
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Figure 4. CO-DRIFT spectra between 1900 and 2200 cm™ of the (a) 0.10Pt, (b) 0.59Pt, (c)
0.80Pt and (d) 1.06Pt catalysts recorded from -10 to 20 °C under 25 NmL.min™ of 2%CO/He.
The backgrounds correspond to the spectra of pretreated samples recorded at the same
temperatures and the v(CO)g,s Signal is subtracted.

Concerning the three other catalysts, the band at 2090 cm™ is attributed to PtO, clusters
present in addition to SAs. For such species, significant undercoordination of Pt atoms to oxygen
enables simultaneous strong CO binding [31]. However, the absorbance of this band increased
with CO chemisorption temperature from -10 to 20 °C. This indicates a reactive process, leading
to a higher proportion of clusters and potentially causing a misinterpretation of the spectral

evolution as a function of Pt content. Note that bidentate carbonates (bands at 1575, 1294 and
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1028 cm™)[37-39] and hydrogen carbonates (bands at 1391 and 1217 cm™)[37-39] were formed
in parallel (Figure S4) suggesting that a redox mechanism occurred. As measurements at liquid
nitrogen temperature are required to avoid this reactive process and as our experimental set-up

did not allow it, this technique was not further used for fresh Pt/CeO, catalysts.

3.2. Impact of the Pt loading on the catalytic activity

Pt/CeO, catalysts with different platinum loadings were tested for the WGS reaction after an
oxidative pretreatment at 500 °C. H, and CO, were the only products detected. No CHy,4
production was observed in our reaction conditions (P=1 bar, T=230 °C), confirming the high
selectivity of Pt/CeO, catalysts for LTS [41]. Interestingly, CO,/H, molar ratios significantly
higher than 1 were measured during the first 5 minutes of the reaction (Figure S5), which can be
explained by the reduction of both PtOy and ceria induced by CO. As shown in Table S2, the CO,
overproduction (production added to that of the WGS reaction) significantly surpasses the
production related to the reduction of PtO to Pt°. This observation unveils a high reduction rate of
CeO, and hence the presence of a high amount of oxygen vacancies and Ce®" cations on the
surface of CeO,. Furthermore, the H, productivity strongly increased during the first few minutes

reaching a maximal value and then slightly decreased (Figure S5).

The evolution of the molar activity as a function of Pt content is plotted in Figure 5 for the

maximal value and after 45 min on stream.

0.64 —=— Maximal value
- -= - Value after 45 min

*f%ﬁﬁ/i——-

0-0-"'I"‘I"'l'"I"'I"'I"'I"‘I"
00 02 04 06 08 10 12 14 16

Pt content (wt%)
Figure 5. Influence of Pt loading on the maximal molar activity and after 45 min of Pt/CeO,
catalysts for the WGS reaction after oxidative pretreatment at 500 °C. Reaction conditions:
T=230 °C, H,0/CO/Ar/He:33.3/8.3/54.2/4.2, GFSV = 600 mL.min™".g™.
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It strongly increases between 0.10 and 0.59 wt% of Pt (0.02-0.12 Pt.nm™) from 0.2 to 0.5
moly,.molpt.s? and afterward is relatively constant up to 1.43 wt% (0.35 Pt.nm'z). Finally, a
slight and slow decrease in activity is observed for each loading (Figures S5 and 5), which could
be due to platinum sintering [40], ceria overreduction [41] or carbonate-induced poisoning
[29,30].

3.3.  Characterization after WGS reaction tests

The stability of the ceria support in the Pt/CeO; catalysts under the reaction conditions was
evaluated through its crystallite size determined from XRD diffractograms (Figure S6a): it is 7-8
nm for the 1.06Pt catalyst, as the value before reaction. Furthermore, the Fpy bandwidths are
identical (24 cm™) in the Raman spectra of fresh and spent 0.52Pt catalyst (Figure S6b),
confirming the structural stability of the CeO, nanocrystallites. Finally, no significant change in
the Sger value was evidenced, both for the CeO, support and the 0.80Pt catalyst (Table S1).
Thus, the slight deactivation of the catalysts observed after 45 min on stream is not due to a

textural or structural change of the ceria support.

STEM-ADF images of the catalysts after reaction show the presence of Pt NPs whatever the
loading (Figures 6a-d). For a Pt loading higher than 0.42 wt%, the number of observed particles
was high enough for statistical analysis, leading to an average diameter of 1.4 nm with a standard
deviation of 0.3 nm (Figure S7a). Interestingly, this value is almost constant with Pt content and
consistent with the 1-2 nm particle size reported in the literature under reaction conditions [16].
However, it is likely that unobservable small clusters as well as SAs were also present in minority

on the ceria surface.
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2_nm ‘ 2 nm

Figure 6. STEM-ADF images recorded with a Titan ETEM G2 80-300 kV (FEI) microscope of
(a) 0.52Pt, (b) 0.80Pt, (c) 1.06Pt and (d) 1.72Pt after testing under WGS reaction feed at 230 °C
for 4 h. Red arrows point to Pt NPs.

The XRD diffractogram of 1.06Pt catalyst contains a diffraction peak at 39.7° after reaction
(Figure S7b), significantly higher than the noise level contrary to the fresh state (Figure 1).
Consequently, Pt cations are reduced and agglomerated enough to crystallize in reaction

conditions.

XPS spectra of spent catalysts (Figure S8) also reveal that the presence of Pt® atoms at the
surface persists despite air exposure after WGS reaction. Furthermore, a second component
attributed to Pt** cations can be distinguished in the spectra suggesting that some Pt species either
were not reduced during the WGS reaction or were easily reoxidized upon air exposure.
Interestingly, the relative proportion of Pt** species was higher for 0.25Pt compared to 0.80Pt:
0.25Pt exhibits 71% of Pt° and 29% of Pt**, while for 0.80Pt, the surface contains 77% and 23%

of Pt° and Pt**, respectively.

MicroRaman spectra recorded on the spent catalysts show a strong decrease in the relative
intensity of the v(PtOy) band at 660-685 cm™ (Figure 7a), suggesting a reduction of Pt** cations
[29] in agreement with XRD and XPS. The remaining v(PtOy) feature may result either from the
reoxidation of Pt° atoms in ambient air or the presence of Pt** cations that were not reduced

during the reaction. As a matter of fact, this feature is poorly affected by the Pt loading, which
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makes us attribute it to Pt** cations strongly anchored on CeO,. Note that the reduction of
0.9%Pt/CeO, catalyst under H, at 500 °C led to the complete disappearance of this band [29].
Furthermore, the v(O-O) band at 826 cm™ was enhanced, revealing a larger amount of peroxo
species on the surface of catalysts. Those species, which arise from the reduction of chemisorbed

O, molecules on oxygen vacancies, could be located at the interface between Pt and CeO..
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Figure 7. Comparison of (a) Raman spectra in the fresh and spent states for different Pt loadings
and (b) CO-DRIFT spectra of spent catalysts recorded between 1850 and 2200 cm™ at 0 °C under
a 2% CO/He flow and normalized on the band at 2088 cm™, the backgrounds correspond to the
spectra of pretreated samples recorded at the same temperatures and the v(CO)gss Signal is
subtracted.

Two main bands located at 2088 and 2078 cm™ can be distinguished in the CO-DRIFT
spectra of the spent catalysts recorded at 20 °C (Figure 7b). They were attributed to CO linearly
chemisorbed on terraces [23,37,44,45] and step/edge sites [37,44] of Pt NPs. Shoulders are also
observed near 2107 and 2056 cm™. These features were attributed to PtO, clusters and corner
sites of Pt” or Pt°" NPs, respectively [37,44]. As for the fresh catalysts, formation of bidentate and
hydrogen carbonates was observed during such measurements (Figure S9).

3.4. CO-TPR analysis

Figure S10 displays the CO consumption and CO, production profiles during CO-TPR
analysis achieved between 20 °C and 500 °C for CeO, and the series of Pt/CeO, catalysts. As
shown in Figure 8, a significant decrease in the temperature of maximal CO consumption is
observed consistently with the literature [46], especially for Pt content lower than 0.25 wt%. For
high Pt loading, consumption of CO begins already at RT due to the formation of carbonyls and

carbonates. Furthermore, both the onset temperature and the temperature of maximal CO,
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production decrease strongly with increasing Pt content (Figure S11). Indeed, O* anions of PtO,
and CeO, become more labile leading to CO, desorption at lower temperature. A similar trend
was reported by Boronin et al. for Pt contents from 1 to 20 wt% [47].
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Figure 8. Evolution with the Pt content of the temperature of maximal CO consumption
determined from CO-TPR curves.

In fact, the CO, production profile can originate from various phenomena such as the
reduction of PtOy species (Eq.1), the reduction of surface anionic layers of CeO, (Eg. 2, the
sguare represents an oxygen vacancy), the WGS reaction with the hydroxyl groups present on the
surface (Eq. 3), and the Boudouard reaction (Eq. 4) [48,49].

PtO + CO — Pt + CO, (Eqg. 1)
CO + O%(support) — CO, + o(support) +2e” (Eq. 2)
CO + 20H (support) — CO, + H, + O%(support) (Eq. 3)
2CO — CO, +C (Eq. 4)

In most works using CO-TPR analysis, it has been shown that the deposition of carbon on
the surface is negligible below 500 °C [49-51], thus the Boudouard reaction can be ruled out for
our study. A CO; production peak at 400-500 °C is accompanied by H, production and can be
attributed to the WGS reaction (see the H, signal intensity in Figure S12). Therefore, the peaks
below 400 °C arise from the reduction of PtOy species and CeO,. However, as the CO
consumption required to reduce the overall amount of PtO to Pt° is much lower than the

measured one (Table S3), the peaks reveal mostly reduction of ceria, which implies that its
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reducibility strongly increases with Pt content. It is particularly highlighted by the evolution of
CO consumption (Figure 8). Furthermore, the total CO consumption is rather constant (450- 550
umol.g?) for Pt content lower than 1.43 wt%, Table S3). Therefore, this parameter which is
related to the reduction degree of ceria at 500 °C cannot explain the observed evolution of the

catalytic activity as a function of Pt content (Figure 5).

Hence, the CO-TPR analyses show that the reducibility of the Pt/CeQO, catalysts increases
with Pt content. As the amount of PtOy clusters also increases with Pt content, it suggests that Pt
particles are easier formed from PtO clusters instead of SAs. A higher number of formed Pt°
particles also favors consecutive reduction of CeO,. Moreover, oxygen vacancies are often
defined either as the active sites for water dissociation leading to H, production [16,52] or
undergoing dissociative adsorption and forming Ce*-OH species as active participants [20].

Thus, an increase in the lability of oxygen vacancies may explain the increase in activity.

3.5. CO-TPR followed by in situ DRIFT spectroscopy

To gain a better understanding of the structural evolution of Pt species and surface species
formed during CO-TPR experiments, DRIFT spectra were recorded under CO at increasing
temperatures from 5 to 279 °C (Figure 9). No significant band was observed below 2100 cm™ for
CeO, support (Figure 9a). For Pt/CeO, catalysts (Figures 9b-d), v(CO) bands are observed in the
ranges 2090-2100 cm™, 2070-2075 cm™ and 2050-2060 cm™, which are attributed to CO
molecules chemisorbed linearly on PtOy clusters, terraces and edges of Pt° NPs, respectively
[23,37,44,45].
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(d) 1.72Pt catalysts recorded at different temperatures under 2%CO/He. The backgrounds
correspond to the spectra of KBr powder recorded at the same temperatures and the v(CO)gas

signal is subtracted.

A red shift of ca 10-20 cm™ is observed during CO-TPR compared to CO chemisorption
at RT which is mainly due to the difference of temperature, as shown in Figure S13. Less clearly,
the band at 2010-2020 cm™ was attributed to CO species linearly adsorbed on very small Pt
particles mainly populated by very low coordination sites [53], or to CO linearly adsorbed on
perimeter Pt sites [16], to CO adsorbed on Pt-Ce interface [22] while the one at 1950-1970 cm™
was assigned to CO adsorbed on very low coordinated Pt atoms in strong interaction with the
support [53], to CO adsorbed on platinum atoms interacting with Ce®* cations [54], or to a
bridged CO adsorption at the metal-support interface [16]. Therefore, both bands were attributed
to CO species adsorbed at the interface. Interestingly, the species characterized by the band at

1950-1970 cm™ give rise to that at 2010-2020 cm™ when the interaction of CO with CeO is
prevented [53].

The band of PtOy clusters at 2090-2100 cm™ appears at ambient temperature for the
0.52Pt and 1.72Pt catalysts (Figure 9b and c) and between 50 and 100 °C for 0.10Pt (Figure 9a).
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The high stability of SAs on the surface of the latter catalyst may explain the formation of PtO
clusters only at higher temperatures in accordance with the literature [31]. As shown by the
amplitude evolution at 2098 and 2078 cm™ in Figure S14, the band of PtO, species increases and
then gradually disappears as the band of Pt° terraces increases. This clearly shows the
agglomeration of PtO,, followed by its reduction to Pt NPs. Furthermore, the temperature
required for transformation of Pt species increases with decreasing the Pt content. Indeed, the
disappearance of the band at 2090-2100 cm™ and the appearance of the bands at 2070-2075 cm™
and 2050-2060 cm™, begin at 50 °C for the 1.72Pt catalyst, at 100-150 °C for 0.52Pt and 0.10Pt.
Those temperatures coincide with the onset temperatures of CO, production (Figure S11),

showing that the formation of Pt® NPs favors the reduction of CeO,.

The relative absorbance of the bands at 2050-2060 cm™ (Pt° NPs edges) and 2010-2020
cm™ (Pt/CeO, interface) increases as the Pt content decreases, with a main band at 2012 cm™ for
the 0.10Pt catalyst. For the 0.52Pt and 1.72Pt catalysts, the spectral evolution with temperature
clearly shows the agglomeration of Pt atoms with the disappearance of the band at 2010-2020 cm’
! The maximal absorbance of this band is at 279 °C or above for the 0.10Pt catalyst, at 234 °C
for 0.52Pt, and at 100 °C for 1.72Pt. Hence, Pt dispersion and resistance to agglomeration
increase while decreasing the Pt content. As soon as the band at 2010 cm™ disappears, a band at
1930 - 1980 cm™ appears, in agreement with the literature [53]. Its absorbance is higher at 279 °C
for the 1.72Pt catalyst because of higher reducibility. The reduction of ceria, which leads to
formation of Ce®" cations, is evidenced by the appearance of the broad band at 2120 cm™
corresponding to the 2Fs;, — F, electronic transition of Ce®" cations [31,57] and not to a v(CO)
stretching vibration. Interestingly, the appearance of this band correlates with the onset of CO,

production observed during the CO-TPR analysis (Figure S15).

The analysis of the other spectral ranges unveiled modifications of surface species during
CO-TPR even at 5 °C. Indeed, new bands attributed to bidentate carbonates were observed at
1290 and 1585 cm™ (Figure S16) in addition of bands of monocarbonates at 1390 and 1470 cm™
[37]. Furthermore, the bands appearing at 1220, 1390 and 1525 cm™ which arose from formation
of hydrogen carbonates (bicarbonates) [37] disappeared upon increasing the temperature: the
higher the platinum content, the lower the temperature of appearing and disappearing. Finally,
formation of formates at higher temperatures was revealed by the raise of bands at 2950, 2840

and 2715 cm™ (Figure S17) which were attributed to a combination of 8(C-H) and vas(OCO)
18



vibrations, v(C-H) vibrations and a combination of 3(C-H) and vs(OCO) vibrations, respectively
[38,55]. The latter could alternatively correspond to the overtone of the 6(C-H) band [37,38].
Again, the temperature at which the bands raise decreases with increasing Pt content.

Furthermore, four bands are observed at 3712, 3688, 3662 and 3505 cm™ after the
pretreatment at 500 °C compared to the fresh ceria, in the same proportions for all Pt contents
(Figure S18). The first one was attributed to v(OH) vibrations of terminal OH (type I) [56], the
two following ones to bridging OH with two cerium atoms (type I11-A) [43,44] and the last one to
tridentate OH [37] and hydrogen-bonded terminal OH [57]. An attribution of the main band at
3662 cm™ to v(H,0) vibration of chemisorbed water can be ruled out since it is not associated
with the observation of §(H,0) band around 1630 cm™. Upon CO adsorption at 5 °C, the v(OH)
bands were unchanged (Figure S19). However, the main band was shifted from 3660 to 3640 cm”
! during the temperature rise (Figure S19) which was attributed to formation of bridging
hydroxyls neighbored by oxygen vacancies and Ce** cations (type 11-B OH) [37,56]. The shift
occurs at lower temperatures as Pt content increases (Figure 10), confirming that reducibility of
CeO; increases with Pt content.
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Figure 10. Evolution of the wavenumber of the v(O-H) band of type 11 OH species as a function
of temperature during CO-TPR followed by in situ DRIFT spectroscopy.

Summarizing, DRIFT spectra recorded during CO-TPR show an increase in the number of
PtOy clusters with Pt content, probably formed from the agglomeration of SAs. PtOy clusters are
then easily aggregated and reduced by CO to form Pt° NPs, leading to a reduction of the CeO,

surface and evolution of surface species. Consequently, the increase in Pt molar activity from
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0.10 to 0.59 wt% of Pt (Figure 5) could be explained by the increase in the quantity of Pt°
particles formed on the surface of catalysts under reaction conditions. To prove this assumption,
operando DRIFT measurements were undertaken.

3.6. Operando DRIFT spectroscopy
As the H,O and CO molar concentrations used for operando measurements (2 and 0.5%,
respectively) were lower than those used for standard catalytic testing, it was important to check
that the same trends of catalytic properties were obtained. As expected, the evolution of molar
activity plotted as a function of the Pt content in Figure S20 shows a strong increase (factor 3)

from 0.1 to ca 0.6 wt% of Pt, similarly to standard catalytic testing, though with a sharp optimum.

DRIFT spectra of the catalysts recorded after oxidative pretreatment at 500 °C clearly show a
decrease in the absorbance of the v3 bands of carbonates between 800 and 1800 ¢cm™ and
physisorbed water between 3000 and 3500 cm™ (Figure S18) compared to the fresh state. The
operando spectra recorded at the stationary WGS state show the formation of carbonyl species
(Figure 11a) identical to those observed during CO-TPR analysis (Figure 9). Indeed, the spectra
of the 0.42Pt, 0.52Pt, 0.59Pt, 1.06Pt, and 1.43Pt catalysts reveal the presence of CO species
chemisorbed on the terraces and edges of Pt° particles (bands at 2065-2072 cm™ and 2045-2056
cm’™, respectively) as well as CO species at the Pt-CeO, interface (bands at 2008-2020 and near
1960 cm™). Moreover, no signal of carbonyl species was observed for the 0.10Pt catalyst and is
quite loose for 0.25Pt. To make a semi-quantitative comparison of the carbonyl bands, the DRIFT
spectra were normalized to the band at 2065-2072 cm™ (Figure 11a): for Pt contents below 0.59
Wt%, a higher relative absorbance of the v(CO) bands at 2045-2056 cm™ and 2008-2020 cm™ is
observed, indicating an increase in the quantity of edge sites and Pt atoms at the interface due to
the smaller size of Pt® NPs. For Pt content above 0.59 wt%, Pt® NPs with a similar IR spectral
signature are found on the surface of the catalysts. Furthermore, the broad band at 2125 cm™
attributed to the presence of Ce** cations [31,58] is observed (Figure 11a), demonstrating the
reduction of CeO, in reaction conditions. Note that no broad signal was observed at this
wavenumber for the ex situ analysis of the spent catalysts (Figure 7b) due to reoxidation of CeO,

in ambient air.
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Figure 11. Operando DRIFT spectra of Pt/CeO, catalysts during WGS reaction for
different Pt loadings: (a) 1850-2200 cm™ region normalized on the band at 2065-72 cm™, (b)
3300-3900 cm™ region, (c) 2650-3000 cm™ region normalized on the band at 2842 cm™ and (d)
900-1900 cm™ region. BC: bidentate carbonate, M: monodentate carbonate, F: formate. Reaction
conditions: T=230 °C, H,O/CO/He: 2.0/0.5/97.5, GHSV =1000 mL.min .g™. The backgrounds
correspond to the spectra of KBr powder recorded at the same temperatures and the v(CO)gas
signal is subtracted.

Characterization of hydroxyl species is essential for the WGS reaction since some of them
are involved in the reaction mechanism [16]. The v(O-H) band observed near 3680 cm™ during
reaction was attributed either to bridging OH (type 1I-A) on the surface of reduced ceria
[16,38,56,57] or to chemisorbed water [38,56,57]. However, as it was also observed near 230 °C
during CO-TPR, the first attribution was preferred. Furthermore, v(OH) band due to type 1I-B
OH can be distinguished at 3620-3640 cm™ [37,38] especially at high Pt content confirming

reduction of ceria.

For all catalysts, typical bands of bidentate formate species appear under reaction conditions
at 2935-2944, 2831-2842 and 2713-2723 cm™ (Figure 11c). Below 0.42 wt% of Pt, only the
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bands at 2935, 2842 and 2723 cm™ corresponding to bidentate formates adsorbed on the surface
of CeO, are observed, similarly to Vignatti et al. [59]. At higher Pt content, the spectra contain
bands at 2944, 2831 and 2713 cm™ due to formates bridged with two Ce atoms [37].

For all the catalysts, a bidentate carbonate giving rise to vs bands at 1519 and 1228 cm™ and
vi band at 1033 cm™ after pretreatment was consumed from the beginning of reaction (Figure
S21) [38,39]. The bands at 1290-1330, 1360-1370 cm™ and 1550-1560 cm™ observed in reaction
conditions correspond to the v{(OCO), 6(C-H) and v,(OCO) bands of formates, respectively
[37,38,55]. Additionally, v3 pairs of bands observed around 1300/1590 cm™ and 1395/1460 cm™
are assigned to bidentate and either monodentate or polydentate carbonates, respectively
[37,38,60-63]. However, no significant difference between the different Pt/CeO, catalysts

appears in this spectral region (Figure 11d).

To gain understanding on the reaction mechanism, the temporal evolution of DRIFT spectra
of 0.42Pt after CO removal from the reaction feed is plotted in Figure S22. It clearly shows a
rapid disappearance without any shift of the band at 2012 cm™ (Figure S22a) suggesting that the
interface is involved in the reaction mechanism. The spectral evolution between 2020 and 2090
cm is difficult to interpret since it combines red-shift of bands due to a dipole-dipole interaction
between CO and H,O or a modification of the charge transfer between the NP and the 2n* orbital
of CO by the modification of the NP potential with the interaction of water [16]. Furthermore,
bridging formates disappear when CO is removed from the gas phase (Figure S22c) while
bidentate formates appear to be unaffected suggesting that the former could be reaction
intermediates. Finally, no significant spectral change is observed for the hydroxyl and carbonates
species (Figures S22b and S22d, respectively).

In summary, a reduction of PtOy clusters to Pt° particles under reaction conditions was
demonstrated by operando DRIFT spectroscopy as well as a reduction of CeO,. For high Pt
contents (>0.59 wt%), reduction and agglomeration lead to the formation of Pt® NPs with a
similar spectral signature. In contrast, spectra of catalysts with Pt loading below 0.52 wt% show
the presence of Pt particles with lower nuclearity. Bridging formates could be reaction

intermediates formed at the interface between reduced CeO, and Pt® NPs.

4. Discussion
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The influence of the Pt loading on the catalytic activity of Pt/CeO, catalysts was previously
investigated by several groups. However, different trends were reported depending on the fresh
state of the catalyst, the pre-treatment applied and the reaction conditions [14,24,25,64]. In the
present work, an oxidizing pretreatment at 500 °C was applied to produce ultradispersed PtOy
species, in the continuity of previous studies [29,31,65]. An increase in activity by a factor of 2.5
was evidenced when increasing the Pt loading from 0.1 to 0.6 wt%, reaching a plateau from 0.6
to 1.4 wt%. Such evolution has never been reported in the literature before.

As several Pt species can coexist at the surface of Pt/CeQ, catalysts and as different structural
modifications can occur depending on the reaction conditions, it could be difficult to determine
the active sites [20,23,66,67]. However, the evolution of the Pt molar activity as a function of Pt
content allows us to conclude that the PtO, SAs and clusters and Pt NPs own very different
intrinsic activities. Indeed, formation of NPs with diameter of ca 1.4 nm during the WGS reaction
was revealed by STEM-ADF for Pt loading of 0.52 wt% and above. It agrees with Jacobs et al.
who, even for a high loading around 5 wt%, observed the formation of NPs between 1 and 2 nm
at 250 °C [25] and with Li et al. who similarly observed the formation of 1.4 nm NPs after
reaction at 300 °C, starting with a 1 wt% catalyst composed essentially of SAs [20]. Furthermore,
operando DRIFT spectra clearly showed that these NPs contain metallic Pt° atoms and are

interfaced with reduced CeO; support.

It supports that Pt° NPs are the most active species for the water-gas shift reaction [16-22].
Furthermore, the sequential experiment by removal of CO from the gas feed confirms that the
active sites are located at the perimeter of the interface between the Pt® NPs and reduced CeO,
[7,8,16,22].

Consequently, the plateau of molar activity (expressed in moly,.molpit.s™) suggests that the
number of active sites at the interface is similar for all Pt® NPs of 1.4 nm, with only the number
of interfaced Pt NPs varying with loading. Note that the molar activity is then proportional to the
turnover frequency (TOF) but much lower. Furthermore, even if PtOyx SAs or small clusters
strongly anchored to CeO, and hardly reducible could coexist with Pt® NPs at high Pt loading,
their contribution to the overall activity appears to be negligible to obtain a plateau. Conversely,
these species predominate at low loading, leading to a much lower molar activity (corresponding

to a TOF value in this case). This finding is in agreement with the recent thesis of X. Li reporting
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almost zero activity for Pt SAs [20] but might appear in contradiction with the conclusions of
Flytzani-Stephanopoulos group [13,14]. However, Pt cationic species were obtained using a
sodium cyanide leaching method to remove Pt° NPs and the activity could be modified by the

presence of alkali actions associated with OH surface groups [9,68].

Therefore, the Pt surface content is a key parameter for the formation of active species for the
water-gas shift reaction at low temperatures as also demonstrated for CO oxidation [23]. The
loading has to be high enough to form PtOy clusters which are easily agglomerated and reduce to
the Pt° NPs under reaction conditions. This minimal loading could depend on the number of sites
able to strongly anchor PtOx SAs and small clusters which are hardly reduced and poorly active
for the WGS reaction. As the surface defects of ceria act as anchoring sites [13,19,20,69-72], the
preparation method and thermal treatments of Pt/CeO, catalysts could influence it.

5. Conclusion

A series of Pt/CeO, catalysts was prepared to investigate the influence of the Pt loading (0.1
to 1.72 wt%) on the water-gas shift reaction rate at 230 °C. An oxidizing treatment at 500 °C was
applied before testing to stabilize ultradispersed Pt species. At the fresh state, the absence of
nanosized Pt° particles (>1 nm) was confirmed for Pt contents below 1.72 wt%. Pt SAs were
predominantly present in the catalyst containing 0.10 wt% Pt. Above 0.25 wt%, microRaman
spectroscopy revealed the presence of PtOy species, Both PtOx SAs and small clusters were
observed by STEM at high loading.

It was shown that the Pt-molar activity strongly increases up to 0.6 wt% and is rather
constant thereafter. A reduction of PtOy clusters to Pt® NPs of ca 1.4 nm followed by a reduction
of CeO, surface occurs under reaction conditions. According to CO-TPR analysis and operando
DRIFT measurements, for Pt contents below 0.6 wt%, Pt species possess a lower nuclearity and
seem to be in strong interaction with CeO,. Their low reducibility limits their activation under
reaction mixture and, consequently, their catalytic activity. Conversely, the higher activity for Pt
contents above 0.6 wt% is related to the easy formation of Pt® NPs of ca 1.4 nm under reaction
conditions, which are more active than Pt clusters and do not evolve in intrinsic activity as a
function of Pt loading. The plateau of Pt-molar activity arises from an increase in the number of
Pt° NPs without sintering. The structural change between the fresh Pt/CeO, state and that under

reaction conditions is therefore highly dependent on the Pt content. Hence, the molar catalytic
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activity of Pt/CeO, for WGS can be optimized through the Pt loading, and it could be further
improved by an optimal treatment aiming at shaping the most active species through the
interaction of Pt with ceria.
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