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Nowadays, Pt-CeO, interfaces are very popular in many applications. In particular, this system is widely
used in catalysis for the reverse water gas-shift (RWGS) reaction aiming to stop the dangerous
advancement of the global warming effect. Nevertheless, some complex atomic events occurring at this
interface are still unclear. In this work, superhydrophobic Pt-CeO, nanoparticles were used in the RWGS
reaction aiming to shift the equilibrium of the RWGS reaction towards the formation of CO. It was
demonstrated that this sample presents a highly reducible CeO, surface and an easy tunability of the O
vacancy population, which is the main active site of metal oxides in catalysis. Consequently, the Pt-CeO,
superhydrophobic sample presents improved performance towards CO formation in the RWGS reaction.
During the RWGS reaction, the Pt nanoparticles suffer from the strong metal-support interaction (SMSI)
effect that may hinder the catalytically active sites but, even so, the superhydrophobic Pt-CeO,
nanoparticles are active in the RWGS reaction. It opens new frontiers in the engineering of active
superhydrophobic Pt-CeO, interfaces with tunable O vacancy population.
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Introduction

Carbon dioxide (CO,) is currently depicted as the most
influential greenhouse gas responsible for global warming,
primarily due to its high concentration in the atmosphere.
The consequences of global warming include an increase in
infectious diseases, a rise in sea level, and an increase in heat
waves and other natural catastrophes like hurricanes.'”
Considering this, in the last few decades, a great deal of
research has been conducted to either capture or dissociate
the CO, molecule.”® A promising approach for dissociating
the CO, molecule is through the reverse water gas-shift
(RWGS) reaction. The CO produced can be captured and
utilized as a raw material for a variety of processes, such as
the synthesis of polymers, hydrocarbons, and other valuable
compounds like methanol, as well as a feedstock for
renewable energy sources. However, the current catalysts
employed in the RWGS reaction, such as Pt/CeO,, still operate
at elevated temperatures, typically around 600 °C, and exhibit
limited reactivity.®® Consequently, it restricts the use of the
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RWGS reaction against the global warming effect, thus
impairing the advancement towards a healthy world.

The best way to design improved catalysts for the RWGS
reaction is to make a detailed description of the atomic
events occurring during the reaction. The catalytic reaction
depends on different phenomena like sintering, coking,
poisoning, etc. In particular, the occurrence of the strong
metal-support interaction (SMSI) effect,' a famous metal/
metal oxide interface effect, is closely related to the
performance of the catalyst. The geometrical factor of the
SMSI effect corresponds to the formation of a capping layer
coming from the support and covering the metallic
nanoparticles during the reduction treatment. Consequently,
a strong change in the catalytically active sites available
occurs at the surface of the nanoparticles, thus improving or
impairing the catalytic activity.""'> Given the above, it is
crucial to determine the interface effects occurring during
the RWGS reaction and their influence on the catalytic
reaction.

Pt/CeO, nanoparticles are relatively good catalysts for the
RWGS reaction. In particular, CeO, can easily alternate
between its totally reduced (Ce(ui), Ce,O3) and fully oxidized
(Ce(1v), CeO,) states repeatedly.”> Oxygen vacancies work as
adsorption sites for CO, molecules during the RWGS
reaction, so CeO, is an interesting support for the reaction.™
An interesting idea is the use of hydrophobic supports for
the reversible RWGS reaction. It allows shifting the RWGS
equilibrium towards the formation of CO products, thus

© 2024 The Author(s). Published by the Royal Society of Chemistry
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increasing the dissociation efficiency of the CO, molecule.
However, it is hard to find studies reporting the
hydrophobicity property of metal oxide supports used in the
RWGS reaction. In this work, to enhance the reactivity of Pt-
CeO, nanoparticles towards CO formation in the RWGS
reaction at low temperatures, superhydrophobic CeO,
nanoparticles were synthesized and used together with Pt
nanoparticles.

Experimental

Superhydrophobic CeO, nanoparticles were synthesized using
the precipitation method. Firstly, Ce(OH); nanoparticles were
synthesized in a lyotropic liquid-crystalline medium
composed of phytantriol and water, using Ce(NO3);-6H,0 as
a precursor. In a round-bottom flask, 2.40 g of phytantriol
and 0.24 g of the precursor Ce(NO;);-6H,0 were added. This
mixture was treated with NaOH and subsequently with H,0,,
as previously described,'® to obtain CeO, nanoparticles. After
this treatment, the mixture was dissolved in 10 ml of
absolute ethanol and kept under gentle magnetic stirring for
8 h. After this period, the mixture was allowed to stand for 12
h. Subsequently, centrifugation was carried out at 3500 rpm
for 15 min. The precipitated powder was separated by
decantation, washed with a fresh aliquot of 8 ml of absolute
ethanol, and centrifuged under the same previously
described conditions. This process was repeated three times.
After ethanol extractions, the precipitate was washed with 8
ml of Milli-Q water and centrifuged for 15 min at 3500 rpm.
The remaining precipitate was kept in a desiccator under
reduced pressure for 12 h for drying. The obtained powder
exhibited a characteristic yellowish color. This sample will be
hereafter named CeO, Hyd. For comparison purposes, high
surface area CeO, nanoparticles were also synthesized in
accordance with previous work,"'® hereafter named CeO, high
S. In this case, 2 g of (NH,),Ce(NO;)s dissolved in 6 ml of
distilled water was added dropwise to a saturated aqueous
solution (14 mL) of ammonium carbonate under magnetic
stirring. The pH value of the mixture was maintained at 9 by
adding excess (NH,),COs. After 30 min, the resultant solution
was filtered and a 2 ml aliquot of the sample was mixed with
2 ml of ethanol under magnetic stirring at 70 °C for 16 h.
Nanoparticles that precipitated after this period were washed
3 times with water, centrifuged and left in a drying oven at
90 °C for 48 h. A commercial standard of CeO, (Sigma-
Aldrich code 211575) was also used and it is named CeO, Std
in this work.

A commercial aqueous solution (Sigma Aldrich code
773875) containing dispersed Pt nanoparticles was mixed
with the different CeO, samples used in this work. In
separate crucibles, 1 ml of the Pt aqueous solution and 19.5
mg of each CeO, sample were added to obtain 8 wt% Pt-
CeO, nanoparticles. The crucibles were placed in an
ultrasonic bath for 5 minutes to achieve a homogeneous
mixture between Pt and CeO,. The mixture was dried under
vacuum at room temperature in a desiccator for 24 hours.
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After this, 1 ml of absolute ethanol was added to each
crucible, and the mixture was again homogenized by
ultrasonic treatment and dried in a desiccator for 3 hours
more. This process was repeated three times. It resulted in a
powder consisting of Pt nanoparticles mixed with CeO,
nanoparticles.

The wettability of the CeO, samples was determined
using contact angle measurements. For the measurements,
about 10 mg of the nanoparticle powder was used to
produce a homogeneous thin membrane supported on
PVDF (polyvinylidene difluoride). Aiming to produce these
membranes, the nanoparticle powder was sieved using a
nylon mesh of 10, 25, or 40 pm size. Then, 10 mg of the
nanoparticle powder was dispersed in isopropyl alcohol
utilizing an ultrasound device, resulting in a homogeneous
solution. A clean membrane was fixed between a glass
funnel and a glass tube using a grapple. The solution was
dropped inside the glass tube and, with the help of a
vacuum pump attached to the glass funnel, passed through
the membrane forming a thin layer of the nanoparticle
powder on the membrane. The membrane was fixed on the
sample holder for the contact angle measurements. A drop
of 0.2 pl, 0.3 pl, or 0.5 pl of Milli-Q water was dropped
over the membrane. For each drop volume, the procedure
was repeated at least 10 times for all the different grain
sizes (10, 25 and 40 um). The contact angle value was
determined through the Surftens software. The final contact
angle was the average value obtained from the different
measurements.

Transmission Electron Microscopy (TEM) images were
obtained for the Pt and CeO, nanoparticles in a JEOL JEM
1200 EXIl microscope with an operating voltage of 80 kV at
CMM BR-Sul-UFRGS. A drop of the aqueous solution
containing the nanoparticles was dropped over a carbon-
coated copper grid. The grid was left to dry before the TEM
measurements. The size of the nanoparticles was manually
obtained using Image] software. For each nanoparticle, two
width measurements in perpendicular directions were taken
and averaged to determine the nanoparticle diameter. High-
Resolution TEM (HRTEM) images were obtained for the Pt-
CeO, nanoparticles using a Tecnai G2-20 - FEI SuperTwin
microscope with an operating voltage of 200 kV at CM-UFMG.
The samples were prepared with the same procedure used for
the TEM measurements.

Small Angle X-ray Scattering (SAXS) measurements were
conducted in the aqueous solution containing the Pt
nanoparticles on the Nano-inXider (Xenocs) equipment at
CNANO-UFRGS. A Cu Ko X-ray source with a wavelength of
1.54 A and a Dectris Pilatus 3 detector with a semitransparent
beamstop were used in the measurements. The aqueous
solution containing the Pt nanoparticles was inserted in a
borosilicate tube with a 2 mm external diameter, 80 mm
length and 0.01 mm thickness. The measurements were
performed in transmission mode in the 26 range from 0.00°
to 5.25° with a 60 s exposure time for each scan. The final
pattern resulted from an average of 60 scans.
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The Foxtrot software was used to convert symmetric 2D
SAXS data into 1D data and to obtain the average between
multiple scans.'”” SAXS patterns were analyzed using the
SASfit software.'® Raw SAXS data were subtracted by the
background function

Ig)=cotcig+cg” (1)

which was adjusted to achieve the best parameters. The alpha
value achieved was 3.6. The fitting procedure was conducted
using a log-normal size distribution of spherical particles.

Rutherford Backscattering Spectrometry (RBS)
measurements were performed to determine the Pt amount
deposited on each CeO, sample. The RBS measurements
were conducted at a TANDETRON 3 MV accelerator at the
Laboratério de Implantacio I6nica-UFRGS with a He beam of
E, = 2 MeV. The scattered ions were detected at 6 = 165°. The
measurements were conducted in a pressure of 10° mbar
and with an ion current of around 10 nA. The amount of Pt
supported on each sample was quantified using the following
equation:

2
Nyt Hpt Zce” épt
- 2
Nce Hce Zpt” éce

(2)

where N represents the molar concentration of each element,
H denotes the counts at the plateau for each element in the
RBS spectrum, Z stands for the atomic number, and ¢ is the
stopping cross-section factor, which was determined from
the stopping power value obtained in the SRIM software."

X-ray Photoelectron Spectroscopy (XPS) measurements
were performed in the as-prepared Pt-CeO, nanoparticles at
the Laboratério Nacional de Nanotecnologia (LNNano -
CNPEM) with a Thermo Scientific K- X-ray photoelectron
spectrometer using an Al Ko X-ray source (hv = 1486.6 eV)
operating at 12 kV and with a 45° emission angle of the
photoelectrons with respect to the incident X-rays. For the
measurements, a thin layer of powder from each sample was
dispersed on a carbon tape, attached to the sample holder,
and introduced in an ultrahigh vacuum chamber (1 x 107
mbar). The measurements were performed in the survey, Pt
4f, Ce 3d, C 1s, and O 1s electronic regions of the samples.
The measurements were conducted with an energy step of
0.33 and 0.05 eV, and a dwell time of 0.5 s, for the survey and
high-resolution regions, respectively. The analyzer's energy
calibration was performed using a standard Au foil (Au 4f;),
peak at 84.0 eV). The C 1s peak position of adventitious
carbon at 284.5 eV was also considered to verify possible
charging effects.

The XPS data were analyzed using the XPSPeak software.
In order to fit the high-resolution XPS spectra, a symmetric
Gaussian-Lorentzian function with a 55% Lorentzian
contribution was employed, as determined from analyzing
the isolated and highest energy peak in the Ce 3d region at
916.7 eV. A Shirley-type background was used in all the cases.
The FWHM values and the relative binding energy of a given
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component remained fixed across different measurements of
different samples.

The Ce 3d XPS region was adjusted with 10 distinct
components, where four of these represent the Ce(u)
oxidation state and are named v,, V', 4,, and «’' and the other
six components represent the Ce(iv) oxidation state and are
named v, v", v", u, u” and ", as described by Schierbaum.>’
The Ce 3d XPS spectra of the samples were fitted
simultaneously, constraining the FWHM and relative energy
position of different spectra to be the same. The uy/v, and u'/
V' intensity ratios were constrained to 1.5. The surface Ce(iu)
fraction (¢sur) was determined from this fitting using the
XPS intensities as shown in eqn (3)

Uy +u' +vy+v'
Hsurf = Z ) (3)
Fourier-Transform  Infrared Spectroscopy  (FTIR)

measurements were performed at the Laboratério de
Materiais Poliméricos (LAPOL-UFRGS) using the Spectrum
1000 Perkin Elmer equipment. The FTIR measurements were
performed with 4 cm™ resolution and the result is from the
average of 32 scans. Sample preparation for FTIR
measurements was performed by mixing the sample powder
with KBr.

In situ XAS measurements were conducted at Laboratdrio
Nacional de Luz Sincrotron (LNLS). The nanoparticle powder
was mixed with boron nitride (BN) and compacted to make a
homogeneous 5 mm diameter pellet before introduction into
the tubular furnace existing at the beamline. The quantity of
nanoparticles and BN depends on the edge probed and is
described below. In all the cases, the samples were initially
exposed to a reducing atmosphere with 100 ml min™" 5% H,
+ 95% He flux. Then the samples were heated to 400 °C at a
10 °C min™" rate under this atmosphere. At 400 °C, the
samples were kept in the reducing atmosphere for 30
minutes. After this, a mixture of 75 ml min* 20% CO, + 80%
He and 300 ml min™" 5% H, + 95% He was introduced,
initiating the RWGS reaction at a temperature of 400 °C for 1
hour. After the RWGS reaction, the samples were cooled to
room temperature under 200 ml min~" N,.

In situ time-resolved XANES (X-ray Absorption Near Edge
Structure) measurements at the Ce L; edge (5723 eV) were
performed in transmission mode at the DXAS beamline at
LNLS.?" For the measurements, pellets containing 8 mg of
Pt-CeO, nanoparticle powder mixed with 40 mg of BN were
inserted into the tubular furnace. The XANES spectra were
collected every 18 s during the full reduction treatment and
RWGS reaction. The measurements made use of a curved
Si(111) crystal (dispersive polychromator) and a CCD detector.
The time resolution of the measurements was 100 ms. The in
situ time-resolved XANES measurements were performed
simultaneously with time-resolved mass spectrometry
measurements to correlate the CeO, oxidation state with the
sample's reactivity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The reduction and reactivity of the nanoparticles toward
CO, dissociation were investigated by time-resolved mass
spectrometry measurements during the in situ time-resolved
XANES measurements described. The reaction products were
analyzed wusing a Pfeiffer Vacuum OmniStar mass
spectrometer coupled to the tubular furnace. To remove
possible signal fluctuations coming from the flux variations
on the inserted gas, the signal from CO (m/q = 28) was
normalized by the He (m/g = 2) signal detected, where m/q
denotes the mass/charge ratio since He is an inert gas and it
is not interacting with the sample and the H,/He and CO,/He
ratios are fixed. The reactivity towards the formation of CO
was determined through the CO/CO, signal ratio normalized
by the Pt-CeO, mass of the sample.

The in situ time-resolved XANES spectra were fitted using
a linear combination of arctangent and Lorentzian functions,
as described by Takahashi et al>* For this fitting, XANES
spectra of Ce(wv) and Ce(m) standards were fitted with two
and one Lorentzian function, respectively. It also used an
arctangent function with the same parameters for both
standards. In this way, it was possible to obtain the
parameters (width and position) of the arctangent and
Lorentzian functions for the Ce(iv) and Ce(m) standards that
were then used as fixed parameters for the fitting of the in
situ XANES spectra of the samples. Only the height of each
Lorentzian function was varied in the fitting procedure of
each XANES spectrum of the samples. The Ce(m) fraction (k)
was calculated by using eqn (4)

- A4
Az +Ay

p=1 (4)
where A; and A, are the areas of the Lorentzian functions
associated with the Ce(m) and Ce(v) components,
respectively.

In situ Extended X-ray Absorption Fine Structure (EXAFS)
measurements were performed at the Pt L; edge (11564 eV)
in transmission mode at the XAFS2 beamline at LNLS> to
investigate the local atomic order around the Pt atoms during
the thermal treatment. For the measurements, pellets
containing 15 mg of Pt-CeO, nanoparticle powder mixed
with 40 mg of BN were inserted into the tubular furnace. In
this beamline, the radiation emitted by a bending magnet
was first collimated vertically by a Rh-coated cylindrical
mirror, then the beam was monochromatized by a Si(111)
double crystal monochromator and focused in the sample by
a second Rh-coated mirror. The in situ EXAFS spectra were
collected at the end of each gaseous treatment to ensure the
achievement of a steady state of the sample (checked by short
in situ XANES measurements). The measurements were
performed using three ionization chambers filled with Ar.
Standard Pt foil was wused to calibrate the Si(111)
monochromator. The spectra were acquired in the range of
11610-12 025 eV with 0.5 and 1 eV per steps and 2 s per
point and 3 s per point for the XANES and EXAFS regions,
respectively. Two to four scans were collected to improve the
signal-to-noise ratio.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The EXAFS spectra were analyzed in accordance with the
standard procedure of data reduction using IFEFFIT.**** The
k*>-weighted EXAFS signal k’*¢(k) was extracted and then
Fourier transformed using a Kaiser-Bessel window with a k
range of 8.0 A™*. The phase shift and amplitudes were
obtained with the FEFF6 code®® by using metallic Pt, PtO,,
and H,PtOHg clusters of 6 A radius. Single scattering events
were considered in the fitting procedure of the coordination
shell. The S,> value was fixed at 0.7 as obtained from the
fitting of the Pt standard. The R-factor obtained from the
analysis was always lower than 0.03, which demonstrates the
excellent agreement between the proposed model and the
experimental result.

Results and discussion

A typical TEM image of the Pt nanoparticles is shown in
Fig. 1a, where it is possible to observe small nanoparticles
with a mean diameter of 2.4 + 0.4 nm and an almost circular
projection in the plane. The SAXS pattern of the Pt
nanoparticles is depicted in Fig. 1b. The big wavelength
indicates the presence of small nanoparticles. The fitting
result gives a lognormal size distribution of spherical
particles of 3.0 + 0.6 nm in diameter, in agreement with the
TEM result. Fig. S1 of the ESIT shows the TEM images of the
CeO, nanoparticles synthesized, which present a mean
diameter of 1.2 + 0.2 nm and a surface area of 9.2 m”> g™
(CeO, Hyd), a mean diameter of 3 + 2 nm and a surface area
of 201 m* g™ (CeO, high S) and a mean diameter of 26 + 24

Exp. data
Data without background|
— Fit

d = (2,4:0,4) nm b

d =(3.0+0.6) nm

1(Q)(a.u.)
Ditribution (%)
3888

o
o

1 2 3 4 5 6
Diameter (nm)
T T
.3 0.6 0.9
Q(nm)
Pt-CeO, Std 7.2 wt% of Pt
Pt-CeO, High S 8.7 wt% of Pt
Pt-CeO, Hyd 9.7 wt% of Pt

12 151824

Counts (a.u.)

n Pt

02 04 06 08 10 12 14 16 18 2.0
£ Energy (MeV)

Fig. 1 a) Typical TEM image of the commercial Pt nanoparticles and
the histogram of size distribution (inset). b) SAXS pattern of the
commercial Pt nanoparticles and the respective fitting result with the
size distribution (inset). c) Typical HRTEM image of the Pt-CeO, Hyd
sample with the Pt and CeO, nanoparticles identified. d) Normalized
RBS spectra of the Pt-CeO, Hyd, Pt-CeO, high S and Pt-CeO, Std
samples in black, red and blue points, respectively.
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nm and a surface area of 38 m* g™* (CeO, Std). Therefore, the
Pt-CeO, nanoparticles should consist of a mixture of Pt and
CeO, nanoparticles of similar sizes. A typical HRTEM image
of the Pt-CeO, Hyd sample is shown in Fig. 1c, where the
presence of a uniform distribution of Pt-CeO, interfaces
constituted of individual Pt and CeO, nanoparticles is
observed. Furthermore, the contact angle measurement
shows an average value of 157° for the CeO, Hyd sample (Fig.
S2 of the ESIf), which demonstrates a superhydrophobic
behavior of the synthesized CeO, sample. In the literature, it
is well known that CeO, presents a hydrophilic nature®” but
it may become hydrophobic in nature after air exposure.*®
Despite that, it is rare to find superhydrophobic CeO,
surfaces. The CeO, Std sample measured in this work is
highly hydrophilic since it adsorbs the water drop. It shows
that the synthesized CeO, Hyd sample greatly presents this
unique property of superhydrophobicity, which may be highly
useful for the RWGS reaction. The RBS spectra Fig. 1d show
the presence of Pt, Ce, C, O, and Cl in all the samples. The Cl
contamination comes probably from the Pt salt used in the
synthesis process. In all the samples, the Pt amount was
around 8 wt%, as expected.

The XPS measurements at the Ce 3d electronic level for
the as-prepared Pt-CeO, samples are displayed in Fig. 2. The
component labeled v" at 916.7 eV serves as a direct indicator
of the sample's oxidation state. A greater relative intensity in
this component is correlated with a higher oxidation state.
The Pt-CeO, Hyd sample presents a small intensity for this
component, indicating a highly reduced sample. The surface
Ce(m) fractions obtained from the fitting for the as-prepared
Pt-CeO, nanoparticles were 0.77, 0.33, and 0.25 for the Pt-
CeO, Hyd, Pt-CeO, high S, and Pt-CeO, Std samples,
respectively. The CeO, nanoparticles synthesized in this work
exhibited a high surface Ce(m) fraction in comparison to the
literature,>*! which is typically around 0.1. The high surface
Ce(m) fraction values, especially for the Pt-CeO, Hyd sample,
give a large O vacancy population, which are the most active
sites of metal oxides for catalysis.** It is another promising
result for using the synthesized nanoparticles in the RWGS
reaction.

Ce 3d Pt 4f
a —Ce(lll) b — Pt(0)
Pt-CeO, Hyd — Ce(IV) — Pt(OH),
Pt-CeO, Hyd
=; Pt-CeO, High S 5
s g
>
é‘ Pt-CeO, Std =
7] 7]
c c
s s
£ =R
v vtV i u'u' |y
Vo u

930 920 910 900 890 880 870 84 82 80 78 76 74 72 70 68 66
Binding Energy (eV) Binding Energy (eV)

Fig. 2 High resolution XPS spectra at a) Ce 3d and b) Pt 4f XPS
regions of the as-prepared Pt-CeO, nanoparticles.
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In the Pt 4f region, a consistent chemical environment
around Pt atoms was observed across all the samples. A
small metallic Pt component at 70.9 eV*® was detected,
followed by the main contribution from Pt(OH), at 73.0 eV*?
coming from the surfactant present at the Pt nanoparticle
surface. However, the posterior activation treatment,
typically employed in catalysis, should be able to remove it
and leave the Pt nanoparticles ready for the catalytic
reaction.

The chemical components at Pt-CeO, interfaces were
studied by C 1s XPS measurements (Fig. S3 of the ESI}). In
addition to the adventitious carbon, the presence of CO
adsorbed at the CeO, surface is observed in all the samples
coming from air exposure. Interestingly, only the Pt-CeO, Std
sample presents CO bonding at the Pt surface. It may be
associated with the low porosity of CeO, in the standard
sample, consequently, Pt nanoparticles are more exposed to
the atmosphere and subjected to the formation of CO
bonding at the surface. The CH;OH component appears due
to the ethanol used during the synthesis process of CeO,.
The phytantriol component in the C 1s XPS spectrum is
expected at 282.7 eV due to the presence of highly reduced C
atoms in the structure,®® but it is not observed in the Pt-
CeO, Hyd sample. FTIR measurements (Fig. S4 of the ESIY)
were also conducted and the spectra are consistent with the
findings in the XPS measurements. Moreover, it shows the
absence of the characteristic bands of phytantriol.*®

Mass spectrometry measurements were performed during
the RWGS reaction. Fig. 3 shows the reactivity of the
nanoparticles towards the formation of CO. The zero on the
x-axis represents the beginning of the RWGS reaction at 400
°C. The reactivity of Pt-CeO, Hyd, Pt-CeO, high S, and Pt-
CeO, Std nanoparticles was determined as approximately
10%, 8%, and 3%, respectively. The Pt-CeO, Hyd sample
exhibits a much higher reactivity than the Pt-CeO, Std
sample and higher reactivity than the Pt-CeO, high S sample,
thus showing that the use of superhydrophobic nanoparticles

0.16
0.14
0.12
0.10
0.084__
0.06 |
0.04
0.02

0.00 : : : :
0 10 20 30 40 50 60

Time (min)

Fig. 3 Normalized signal of the CO/CO, ratio as a function of time
during the RWGS reaction.

=Pt-CeO, Std
=—Pt-CeO, High S
= Pt-CeO, Hyd

COICO,
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results in increased reactivity for the RWGS reaction. In fact,
the experiment was repeated for the CeO, Hyd sample
(without Pt) to investigate the effect of superhydrophobicity
on the CO and H,O product formation. At 400 °C, the RWGS
reaction started and a temperature-dependent study was
conducted, heating the sample to 500 °C during the RWGS
reaction. An increase of the reactivity with the temperature is
expected, and a constant H,O/CO ratio due to the
stoichiometry of the reaction. However, there is a strong drop
to half of the value of the H,O/CO ratio with the increase of
the temperature (Fig. S5a of the ESIt). It occurs because H,O
molecules are bounded at the CeO, surface due to the loss of
the superhydrophobicity property of CeO,. Consequently,
more CO molecules are detected at the mass spectrometer
than H,O molecules and the H,O/CO ratio drops. Moreover,
the reactivity starts to decrease as well (Fig. S5b of the ESIY),
which shows that the loss of superhydrophobicity property
impairs the reactivity towards CO production. It means that,
indeed, the superhydrophobicity property helps on the
reactivity towards CO formation. It is interesting to note that
the Pt-CeO, Hyd sample presents a smaller surface area than
the Pt-CeO, high S sample (9.2 m*> g™* against 201 m* g™")
but, even so, the superhydrophobicity property is enough to
improve the reactivity of the nanoparticles. The reactivity
normalized by the surface area gives a more realistic
comparison between the samples since it allows evaluation of
the performance of the active sites on each surface, despite
the different amounts of active sites. This value for the Pt-
CeO, Hyd sample is almost 30 times bigger than the Pt-CeO,
high S one, which demonstrates the great advancement
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Fig. 4 Time evolution of the in situ XANES spectra at the Ce Lz edge
during heating treatment to 400 °C under H, atmosphere for a) Pt-
CeO, Hyd, b) Pt-CeO, high S and c) Pt-CeO, Std samples. d) Time
evolution of the Ce(n) fraction in the Pt-CeO, samples during
reduction and RWGS reaction.
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achieved in the present work. Furthermore, the reactivity
towards CO formation is stable at least during 1 h of RWGS
reaction.

Fig. S6 of the ESIf shows the H,O/CO ratio as a function
of time obtained from mass spectrometry measurements
during the RWGS reaction to identify whether the
superhydrophobic property of the Pt-CeO, Hyd sample is lost
during the reaction at 400 °C. The result presents an almost
constant H,O/CO ratio during the RWGS reaction, which
shows that the superhydrophobic property was not lost
during 1 h of RWGS reaction at 400 °C. The small increase
observed (close to 3%) in the Pt-CeO, Hyd sample occurs in
the Pt-CeO, high S sample (hydrophilic) as well and it is
attributed to H,O molecules trapped at the connection walls
of the mass spectrometer system. Thus, at least during 1 h of
RWGS reaction at 400 °C, there is no evidence of the Pt-CeO,
Hyd sample losing the superhydrophobicity property.
However, the increase of temperature induces the loss of the
superhydrophobicity property, as shown in Fig. S5 of the
ESLf

Fig. 4 shows typical in situ time-resolved XANES spectra at
the Ce L; edge of the Pt-CeO, samples. The spectra are
shown every 5 min during the heating stage of the thermal
treatment since this is the range of bigger changes observed.
Fig. S7 of the ESIf shows the in situ time resolved XANES
spectra at 400 °C, where no significant changes are observed.
It can be observed that initially, all the samples exhibit a
doublet, characteristic of the Ce(v) oxidation state, although
with visually different intensity ratios, which should imply
different initial oxidation states. After starting the reduction
treatment of the samples in the H, atmosphere, a clear
qualitative change from the Ce(wv) to Ce(m) oxidation state is
observed in the Pt-CeO, Hyd sample, with the appearance of
a singlet, characteristic of the Ce(m) oxidation state, and a
slight decrease in the height of the second peak in the Pt-
CeO, high S sample. The Pt-CeO, Std sample does not show
significant changes in the oxidation state during the
reduction treatment. The Ce(m) fraction as a function of time,
obtained from the analysis of the in situ XANES spectra of the
three samples, is shown in Fig. 4d. Fig. S8 of the ESI{ shows
a typical fit result from the analysis conducted. During the
heating process, all the samples showed a continuous
increase in the Ce(umr) fraction, except for the Pt-CeO, Hyd
sample, which stabilizes its oxidation state before reaching
400 °C. In a previous study,’® highly reducible CeO,
nanoparticles were synthesized. The nanoparticles were
reduced at temperatures as low as 110 °C when exposed to a
CO atmosphere. In particular, CeO, high S nanoparticles
presented a reduction temperature (defined as the inflection
point of the curve of the Ce(m) fraction as a function of time)
of 188 °C. In the present study, CeO, high S nanoparticles
presented a reduction temperature of 202 °C under H,
atmosphere, which makes sense since CO presents a higher
reducing power than the H, molecule in the CeO, to Ce,0;
reduction reaction. The Ce(u) fraction values found are much
higher than typical values from the literature for the Pt/CeO,
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system after reduction treatment.>' In particular, Pastor-
Pérez et al. achieved 37% of Ce(m) after reduction treatment
at almost the same temperature used here (350 °C).*' In the
present study, the Pt-CeO, high S sample presents a higher
Ce(m) fraction of 48%, and Pt-CeO, Hyd is even more
reduced with 98% of Ce(m) fraction. It is interesting to note
that Pt/CeO, nanoparticles should present the electronic
effect of SMSI where a charge transfer from Pt to CeO, is
observed, thus helping with CeO, reduction.*® For Pt-CeO,
Hyd nanoparticles, a much lower reduction temperature of
152 °C is found. It does not occur due to the charge transfer
from Pt nanoparticles to CeO, since the same experiment
was repeated for CeO, Hyd nanoparticles without Pt
nanoparticles and almost the same reduction temperature
was found (not shown here). In fact, H,-TPR measurements
were conducted with the monitoring of the H,O signal using
a mass spectrometer during sample reduction (Fig. S9 of the
ESIYT). The results point to Pt reduction from Pt(OH), to Pt(0)
starting at low temperatures of around 50 °C for all the
samples. The Pt nanoparticles are fully reduced at around
175 °C. The reduction process of CeO, starts at different
temperatures. Pt-CeO, Hyd starts to reduce earlier, followed
by Pt-CeO, high S and then the Pt-CeO, Std sample, in
accordance with the time evolution of the Ce(m) fraction
(Fig. 4). It is consistent with a Pt-CeO, interaction through
charge transfer from Pt to CeO,, as previously reported,® but
the different extent on CeO, reduction comes from the
surface properties of the nanoparticles synthesized. This
result shows the existence of easily reduced CeO,
nanoparticles, thus presenting plenty of oxygen vacancies,
which are great active sites of metal oxides in catalysis (not
restricted to the RWGS reaction).

At 400 °C, the Ce(m) fraction becomes constant and stable
in all the samples. During the RWGS reaction, the Ce(m)
fraction remains the same in the Pt-CeO, high S and Pt-
CeO, Std samples, while it slightly decreases by 10% in the
Pt-CeO, Hyd sample. Besides a small reduction, it occurs
only at the beginning of the RWGS reaction and the Ce(m)
fraction remains the same during 1 h of RWGS reaction. It
indicates that the CO, molecules are readily adsorbed at
CeO,, then slightly oxidizing it, but it stabilizes quickly for
the remaining time of reaction. It is observed that there is a
direct relation between the reactivity towards CO formation
and the O vacancy population in the CeO, nanoparticles. The
higher the O vacancy population, the higher the reactivity
towards CO formation. In the literature it is possible to find
studies reporting on the activation of CO, in the RWGS
reaction through the interaction between Pt and CeO,,*®
frustrated Lewis pairs®” or O vacancies at the CeO, surface.*®
The slight oxidation of CeO, in the Pt-CeO, Hyd sample after
CO, insertion and the relation between reactivity towards CO
formation and Ce(m) fraction indicates that the activation of
CO, occurs at the O vacancies of the CeO, surface in this
case. Then, in addition to the superhydrophobicity of the Pt-
CeO, Hyd sample, its great reducibility makes it highly
interesting for catalytic applications. Considering this, the
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Fig. 5 EXAFS oscillations from in situ EXAFS measurements at the Pt
L; edge of the as-prepared Pt-CeO, samples, during reduction
treatment and RWGS reaction (a-c) and the respective Fourier
transform (d-f). The best fitting found is represented by the red line.

Pt-CeO, Hyd sample is highly promising for future
applications due to the high reactivity towards CO formation
at a relatively low temperature and easy tunability (through
the low temperature used) of the Ce oxidation state.

Fig. S10 of the ESIf shows the normalized in situ XAS
spectra at the Pt L; edge of the as-prepared Pt-CeO, samples,
during reduction treatment and RWGS reaction. It can be
observed that initially, all spectra present high intensity right
after the absorption edge, which is linked to a non-metallic
state of Pt. This is in accordance with the XPS measurements
at the Pt 4f electronic region. During the reduction treatment,
the spectra of all the samples clearly changed to a metallic
state, as expected. It is very similar to the findings reported
in the literature.>® There is no further significant qualitative
alteration observed during the RWGS reaction. The fitting of
the XANES spectra with a linear combination of Pt and PtO,
standard spectra resulted in 100% Pt during both reduction
and RWGS reactions.

Fig. 5 illustrates the k*-weighted EXAFS oscillations and
the respective FT from in situ EXAFS measurements at the Pt
L; edge. The EXAFS oscillations of the as-prepared samples
show a distinct pattern compared to that presented in the Pt
foil. After reduction, the EXAFS oscillations are typical of
metallic Pt but they are damped due to the high temperature
of analysis. A comparison between the Fourier transform of
the as-prepared Pt-CeO, samples and the standard metallic
Pt foil clearly reveals that the as-prepared Pt nanoparticles
are not fully reduced since there is an important contribution
at short distances from a Pt-OH scattering path. This
statement is supported by the XPS measurements at the Pt 4f
region, where a small metallic component was observed,
followed by a huge contribution from hydroxyl groups bound
to the Pt atoms. During reduction treatment, there is an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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increase in the intensity around 2.2 A and 2.0 A (not phase
corrected), which are associated with Pt-Pt and Pt-O
scattering  paths, respectively, together with the
disappearance of the Pt-(OH), scattering. This indicates that
the Pt atoms are reduced due to the thermal treatment
applied, but a Pt-O component is still present.

Table S1 of the ESIf presents the parameters found during
the fitting process described for the three samples. The Pt-Pt
coordination number of the as-prepared nanoparticles points
to a rough estimation of the size of a few nm,*” in agreement
with the TEM and SAXS results. The Pt-(OH), contribution is
small when compared to the Pt-Pt one, which is consistent
with the Pt-(OH), bonding present at the surface of the
nanoparticles. An increase in the coordination number
associated with the Pt-Pt scattering path was also observed
during reduction and RWGS reactions at 400 °C, which can
be attributed to the sintering of Pt nanoparticles due to the
elevated temperature.

Surprisingly, the Pt-O scattering path has an important
contribution during the reduction treatment. The oxidation
of Pt cannot be attributed to the gaseous atmosphere since
only H, and He were interacting with the sample during
reduction treatment. At this temperature and atmosphere, it
is expected that Pt reduces easily and becomes fully
metallic.>® However, it is well known from the literature that
Pt-CeO, nanoparticles exhibit the geometrical factor of the
SMSI effect under a reducing atmosphere at elevated
temperatures.’”"" The formation of the capping layer
covering the metallic nanoparticles is driven by the
minimization of the surface energy.’” Metal nanoparticles
typically present surface energy much higher than metal
oxides. Despite the reduced size of the CeO, nanoparticles as
compared to typical systems in the literature, this relation
still should hold due to the small size of the Pt nanoparticles
as well and the typical variation of the surface energy of CeO,
with size in this size range.”® Then the presence of CeO,
nanoparticles smaller than Pt nanoparticles (Pt-CeO, Hyd
sample) should not avoid the geometrical factor of the SMSI
effect whether there is indeed a Pt-CeO, interface, as
demonstrated in Fig. 1c. This effect can be responsible for
the appearance of a strong Pt-O-Ce bond,"* which can
explain the appearance of the Pt-O component. The
geometrical factor of the SMSI effect may lead to a decrease
or increase in the catalytic activity. Catalyst deactivation
occurs due to the loss of catalytically active sites caused by
the encapsulation of the metallic nanoparticles.”*>*° On the
other hand, in some cases the encapsulating layer may create
new catalytically active sites at the surface'’ that improve the
catalytic activity. During the RWGS reaction, no new
scattering path emerged. However, a slight increase in the
coordination number associated with the Pt-O scattering
path was observed. This increase is more evident in the Pt-
CeO, Hyd and Pt-CeO, high S nanoparticles. The increase
follows the same trend observed for the reactivity of the
samples, indicating that it may come from byproducts of the
RWGS reaction, especially related to the reduction of the CO,
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molecules. It indicates that the gas is interacting with the Pt
nanoparticles, even if the SMSI effect is present. It shows that
the SMSI effect did not deactivate the samples, which can be
explained by the penetration of the gas molecules through
the encapsulating layer and interaction with the metallic
surface,”> or by the presence of a partially encapsulated
metallic nanoparticle. Finally, the Pt-CeO, Hyd nanoparticles
exhibit the best reactivity, even suffering from the SMSI
effect, which may be attributed to the superhydrophobicity of
CeO, nanoparticles that shifts the reaction towards the
formation of CO and its high reducibility.

Conclusions

This work demonstrated that superhydrophobic Pt-CeO,
interfaces are highly promising for the RWGS reaction with
improved results even in comparison to high surface area Pt-
CeO, nanoparticles. The scenario is even more exciting
because the superhydrophobic Pt-CeO, nanoparticles are
highly reducible and their O vacancy population is easily
tunable through the temperature used in the reduction
treatment. Besides the indication of the SMSI effect, these
nanoparticles are still active toward CO formation in the
RWGS reaction.
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