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ABSTRACT: The ability to study in situ the formation and consumption of Pd
hydrides (PdH) in liquid environments is a significant challenge hampering a
deeper understanding of catalyzed liquid-phase hydrogenation reactions. Here,
using quick scanning X-ray absorption spectroscopy (QEXAFS), we present a
detailed kinetic study of Pd hydride formation and reactivity on Pd/AlL,O; in 2- ¥ H“”
propanol solvent. By calibrating the changes in the QEXAFS spectra with AL,O,
temperature-programmed reduction (TPR), we show that the extent of Pd hydride

formed or consumed can be assessed quantitatively. This methodology was
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subsequently used to follow the fate of hydrides during furfural hydrogenation in time

2-propanol where their displacement was observed to take place upon

coordination of the CO derived from furfural decarbonylation on palladium. The time-resolved quantitative methodology can be
used to determine the fraction of Pd hydrides, to assess the kinetics of their displacement and consumption in both the gas and

liquid phases.
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B INTRODUCTION

Palladium (Pd) is an established active metal for industrial-
scale hydrogenation reactions because of its high reactivity and
ability to split hydrogen." Pd forms an extensively studied
hydride phase due to its hydrogen storage properties.””
Together with the industrial relevance of Pd as a catalyst, the
characterization of this hydride phase has been of increasing
interest because it has also been identified as the reactive
species in hydrogenation reactions™ and electrochemical
processes.4’6 Most relevant characterization studies aiming at
the identification and quantification of Pd hydrides (PdH)
have been conducted in the gas phase,””* while fine chemicals
and active pharmaceutical ingredients often rely on liquid-
phase catalytic processes.” Pd hydrides have been identified in
liquid phase under steady-state conditions,”'’ but their
utilization has not been studied so far under in situ or
operando conditions in transient experiments. Determination
of kinetic rate constants of Pd hydride under defined reactive
conditions could help understand solvent properties such as
solvent polarity, hydrogen-bonding capability, and steric
hindrance affecting the hydride reactivity and stability in the
liquid phase.

Three major techniques have been exploited to identify Pd
hydrides in the gas phase: transmission electron microscopy
(TEM),"" X-ray diffraction (XRD),”"* and X-ray absorption
spectroscopy (XAS) at both the K- and Ls-edges.”'*™"* TEM,
XRD, and XAS probe the expansion of the Pd—Pd bonds upon
hydride formation. However, in situ TEM studies in liquid
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environment are challenging because of beam-induced damage.
While XRD and XAS do not suffer from major experimental
limitations from measurements in liquid phase, they are
ambiguous with respect to differentiation between the
palladium hydride and carbide phases because lattice
expansion is anticipated for both phases in both methods.
Hydrides can be identified more easily by characteristic
features in X-ray absorption near-edge structure (XANES)
spectra at the Pd K-edge.” These are typically represented by
shifts of the resonances after the absorption edge to lower
energy values.”” The insertion of hydrogen in the Pd—Pd
bonds of Pd nanoparticles changes the empty density of states,
thus producing characteristic features in the spectra that enable
us to distinguish between a-PdH and B-PdH phases in situ.'®
The electronic structure can be addressed more precisely at the
Pd L3—edge,17 but the presence of the absorbing solvent,
absorbing metal oxide support, and cell windows may disfavor
in situ measurements. Quantification of hydride stoichiometry
has been achieved from extended X-ray absorption fine
structure (EXAFS) spectroscopy using an empirical formula
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that is based on the measure of the Pd—Pd bond distance in
bulk Pd*

AR(T)/Ry(T) = 0.0666-x — 0.0164-x> (1)
where AR(T) is the change of the Pd—Pd bond distance
induced by hydrogen insertion at a given temperature T, Ry(T)
is the Pd—Pd bond distance in the bare (hydrogen free)
nanoparticle at T, and « is the H/Pd ratio (PdH,,). Equation 1
is accurate for compositions in the 0 < x < 0.5 range, but the
model relies heavily on the accurate determination of bond
distances (Ry(T)) from the fit of FT-EXAFS data.*

This work is justified because of two reasons. First, as
mentioned above the Pd—Pd bond expansion is nonspecific to
Pd hydrides and carbides and thus does not allow for
unambiguous differentiation between the two phases. Second,
Pd K-edge EXAFS is not always experimentally achievable and
only the XANES spectrum can be reliably measured.
Therefore, an analytical method involving only the XANES
region of the XAS spectrum is valuable. Quantification of the
hydride phase is key to understand the involvement of hydrides
in liquid-phase reaction mechanisms, ideally with sub-second
time resolution to determine the kinetics of their formation
and consumption. XAS at the Pd K-edge with sub-second time
resolution offers the advantage of fast acquisition required to
capture such kinetics. Analysis of the large dataset of such
time-resolved XAS spectra by multivariate curve resolution
alternating least square (MCR-ALS) analysis'® allows us to
extract spectra of the pure components, such as hydride,
metallic Pd, PdO, and the carbidic phase as well as to quantify
the fractions present at each point in time.

Here, we combine the analysis of time-resolved XAS spectra
by MCR-ALS with temperature-programmed reduction (H,-
TPR) as a methodology for in situ quantitative determination
of formation and consumption of Pd hydrides in gas- and
liquid-phase experiments. This is achieved by combining the
time-resolved XAS datasets obtained during hydride formation
and desorption in the gas phase and quantification by H,-TPR.
MCR-ALS is then used to extract XAS spectra of the pure
components present in all datasets. Finally, the kinetics of
hydride consumption during furfural hydrogenation'” in H,-
saturated 2-propanol was followed by XAS and by attenuated
total reflection infrared (ATR-IR) spectroscopy at S0 °C.

B EXPERIMENTAL SECTION

Materials and Chemicals. The pre-reduced S wt % Pd/
AL, O; catalyst used in this study was kindly provided by
Chimet (Viciomaggio, Italy) and possessed a surface area of
125 m*/g. The catalyst was prepared using the method
described by Groppo et al.”’ Hydrogen (Carbagas, 99.995%
purity), 10 vol % H,/He (Messer), helium (Carbagas,
99.9999% purity), 5 vol % CO/Ar (Messer), 2-propanol
(Merck LiChrosolv hypergrade for LC-MS), and cyclohexene
(Sigma-Aldrich, 99%) were used as received. Furfural (Sigma-
Aldrich, 99%) was distilled prior to use.

Transmission Electron Microscopy. TEM images were
taken using a JEOL 2010 microscope equipped with a LaBg
filament, an energy-dispersive X-ray spectrometer (EDS,
Oxford Instrument), and a charge-coupled device (CCD)
camera (Orius from GATAN) with an acceleration voltage of
200 keV. A single tilt holder was used. The sample was
prepared by depositing 5 uL of a 2-propanol suspension of the
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catalyst powder on a holey carbon film supported on a 3 mm
copper grid.

Temperature-Programmed Reduction. TPR experi-
ments were carried out in a dedicated instrument (TPDRO
1100, Thermo Scientific) equipped with a thermal conductivity
detector (TCD). The sample (600 mg) was loaded at the
bottom of a quartz reactor and was kept at 30 °C in a flow of
10 vol % H,/Ar (20 mL/min) for 1S min prior to heating.
TPR profiles were collected in the temperature range of 30—
600 °C at a heating rate of 2 °C/min in the same gas flow. The
hydrogen consumption and release were quantified from the
integration of the peaks area and consideration of a response
factor determined using a high-purity CuO standard (Thermo
Electron Corporation) under the same conditions.

X-ray Absorption Spectroscopy. Transmission quick
scanning X-ray absorption spectra were obtained at the Pd K-
edge (24.35 keV) at the SuperXAS beamline of the Swiss Light
Source (SLS, Villigen) using 15 cm long ionization chambers
filled with 1 bar N, and 1 bar Ar. Pd foil, mounted between the
second and the third ionization chambers was used for internal
energy calibration. The polychromatic beam resulting from the
2.9 T superbent magnet was collimated using a Pt-coated
collimating mirror, subsequently monochromatized by a
channel-cut Si(111) crystal of the quick scanning mono-
chromator and finally focused using a Pt-coated toroidal mirror
to a spot size of 150 pm X 150 um. Spectra were collected at 1
Hz monochromator oscillation but only the spectra while
scanning from low to high energy were considered, resulting in
a time resolution of one spectrum per second.

In situ experiments were carried out in a dedicated setup
(Figure S1) using a flow cell described previously for gas-phase
experiments”' that was adapted for liquid-phase experiments
under pressure and was fitted with two 200 ym thick Teflon
windows.”” This cell was validated for transient experiments in
liquid phase (Figures S2—S4). In a typical experiment, the
sample (35 + 1 mg) was firmly fixed between two quartz wool
plugs.

During gas-phase experiments, the cell was connected to
mass flow controllers delivering a total flow of 20 mL/min.
The sample was heated in 10 vol % H,/He flow from 30 to 170
°C at 2 °C/min and was then kept in these conditions for 15
min prior to switching to He flow and cooling to 30 °C at 2
°C/min.

In liquid-phase experiments, the cell was connected to a
high-pressure liquid chromatography (HPLC) pump (10 mL/
min stainless steel pump head; Azura P 4.1S; Knauer)
delivering solutions at a flow rate of 0.2 mL/min (Figure
S1). Two back-pressure regulators (5.2 bar; Upchurch
Scientific) were connected in series at the outlet of the cell
to achieve a total pressure of 10.4 bar. The sample was made
wet at 30 °C with 2-propanol solvent saturated with bubbling
H, at 1 bar. After pressure equilibration, the cell was heated to
125 °C (10 °C/min) and was then held for 1 h. After
reduction, the cell was cooled to 50 °C and the feedstock
solution was changed to a H,-saturated 2-propanol solution of
furfural (S mM), to a H,-saturated cyclohexane solution of
cyclohexene (S mM), or to CO-saturated 2-propanol. Gas
chromatographic analysis of the cell effluent was obtained with
a trace gas chromatography (GC) instrument (Thermo Quest)
equipped with an HP-S column (30 m X 0.025 mm X 0.5 ym,
Agilent) and a flame ionization detector. Decane was used as
an internal standard.
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Quick scanning XAS (quickXAS) spectra were collected
throughout the experiments. All spectra were energy-corrected,
normalized, and smoothed using ProQEXAFS.> Energy
calibration was achieved by aligning with the Pd reference
foil that was recorded simultaneously with the XAS spectra.
The processed time-resolved quickXAS spectra collected
during heating in 10 vol % H,/He, cooling in He, and in the
complete liquid-phase experiment were processed all simulta-
neously with principal component analysis (PCA) by fixing the
number of components to three. Then, the whole dataset was
fed to the multivariate curve resolution alternating least squares
(MCR-ALS) algorithm with the constraints that the
components fraction is comprised between 0 and 1 and is
non-negative, and that the total concentration of components
sums to unity.”* This approach resides principally in the nature
of MCR-ALS, a method that does not require reference spectra
and that generates spectra of pure components able to fully
describe the system at hand. For this purpose, it requires a
dataset with the largest diversity of sample state and
composition. Feeding the algorithm with a large number of
spectra improves the accuracy of the determination of the
representative components of the system. Processing all data
together by MCR-ALS ensures also the elimination of biases
for example related to ambiguity on whether hydrides deliver
the same spectra irrespective of gas and liquid phase. Hence,
components are obtained that are able to cope with both
reactive environments in a quantitative manner.

Fitting to selected EXAFS spectra was performed using the
Demeter software package.”” Spectra were subjected to
background subtraction and converted to the photo-electron
wave vector by setting the first inflection point of the
absorption edge to 24.35 keV followed by the Fourier
transform of the k*-weighted spectra in the range k = 3—11
A7'. The first Pd—Pd shell of the EXAFS spectra was fitted
using an amplitude reduction factor of 0.83 that was obtained
from the fit of a Pd foil reference spectrum.

Linear combination fitting (LCF) analysis of the XANES
spectra was performed using the corresponding Prestopronto
package using selected spectra as references.

Attenuated Total Reflectance Infrared Spectroscopy.
An aqueous suspension of the catalyst (10 mg in 1.5 mL) was
stirred for 15 min and deposited on a ZnSe internal reflection
element (IRE, 45°, 52 X 20 X 2 mm?; Crystran) before drying
overnight under fume hood. The crystal was loaded in an in-
house built ATR-IR cell mounted in the IR spectrometer
(Bruker, Vertex 70). The IR spectrometer was equipped with a
liquid-nitrogen-cooled mercury cadmium telluride (MCT)
detector and a four-mirror ATR assembly (Specac). All spectra
were collected at 40 kHz scanner velocity and 4 cm™
resolution by averaging 30 scans. The dry catalyst layer
deposited on the ATR crystal was equilibrated at 75 °C for 1 h
with a 2-propanol solution saturated with H, bubbling at 1 bar
prior to cooling to 50 °C until a stable signal was obtained,
which was used as background spectrum. Then, a H,-saturated
2-propanol solution of furfural (S mM) was allowed to enter
the ATR-IR cell while spectra were recorded consecutively.
After 30 min, the exiting solution was analyzed by GC as
described above. The same procedure was employed for CO
adsorption at 50 °C by flowing 2-propanol saturated with 5 vol
% CO/Ar bubbling at 1 bar after reduction at 75 °C as
described above.

Diffuse Reflectance Infrared Fourier Transform Spec-
troscopy (DRIFTS). CO adsorption from gas phase was
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followed by diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) using a home-made cell”” fitted with a
flat CaF, window (d = 25 mm), loaded with the sample and
mounted in a Praying Mantis mirror assembly. In analogy to
the liquid-phase experiment, the sample was heated in a flow of
S vol % H,/Ar to 75 °C and reduced for 1 h prior to cooling to
50 °C and collection of a background spectrum. Then, CO
adsorption was monitored for 30 min while flowing 5 vol %
CO/Ar and collecting spectra at 10 kHz scanner velocity and 4
cm™! resolution by averaging 100 scans.

B RESULTS AND DISCUSSION

The received catalyst sample was composed of Pd nano-
particles of average size 2.5 + 0.5 nm (Figure SS) dispersed on
Al, O, (Figure S6). Despite the reduction treatment performed
by the catalyst manufacturer, the reduced state of the Pd
nanoparticles was accompanied by ca. 50% of oxidized Pd,
most likely due to the prolonged exposure to ambient air,
whose presence was discernible in the X-ray absorption near-
edge structure spectrum (XANES, Figure S7).

Figure 1 shows the transmission Pd K-edge XANES spectra
of 5 wt % Pd/AL,O; collected at 50 °C after reduction in H,-
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Figure 1. (a) Pd K-edge XANES spectra of S wt % Pd/ALO; in He at
125 °C (black), in H,-saturated 2-propanol at 50 °C (red), and in H,-
saturated 2-propanol solution of furfural (S mM) at 50 °C. (b)
Difference spectra obtained by subtracting the XANES spectrum
obtained in He (black) from the other two spectra.

saturated 2-propanol at 125 °C followed by 30 min exposure to
a H,-saturated solution of furfural (S mM) together with that
of the same catalyst reduced at 125 °C in an identical gas-
phase experiment. Comparison with the reference Pd foil
suggests that the catalyst was in the reduced state. The visible
shift of the oscillations in the spectrum obtained in H,-
saturated 2-propanol to lower energy values can be attributed
to the formation of hydrides.'” This shift can be better
appreciated in the difference spectra obtained after subtraction
of the spectrum obtained in the gas-phase experiment from the
other two spectra (Figure 1). The difference spectra are not
featureless as it might be expected upon subtraction of spectra
representing the supposedly same state of the Pd component.
The oscillations in the difference XANES spectrum related to
hydride species are clearly visible in the absence of furfural.
These features vanished after introduction of the furfural
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Table 1. Fit of the First Pd Shell of the FT-EXAFS Data Obtained in the Liquid-Phase Experiment

N¢ R (A)®
IPA"/H,, 125 °C 10.1 + 0.4 2.794 + 0.003
IPA/H,, 50 °C 99 + 03 2.804 + 0.002
FUR'/IPA/H,, 50 °C 9.5 + 0.4 2.751 + 0.003

9Coordination number. ?Pd—Pd bond distance.

> AE? red. ¢ PdH,
0.0100 =+ 0.0004 42+ 03 47.6 0.36"
0.0086 + 0.0003 42 +02 36.2 043 0.56%
0.0074 + 0.0004 49 + 03 106.5 0.08" 0.06%

“Pseudo Debye—Waller factor. “Energy shift. “Reduced y*./x in PdH, obtained from eq 1 and

EXAFS analysis. $x in PdH, by TPR/MCR-ALS. "IPA, 2-propanol. ‘FUR, furfural.

solution, but the corresponding difference spectrum was
characterized by a number of other features at different energy
than those characteristic of hydrides suggesting the formation
of a new phase involving Pd. The apparent opposite shift
direction of the spectrum compared to the spectrum of Pd
hydrides indicates the possible formation of Pd carbide species
or in general the deposition of carbonaceous species that cause
the expansion of the Pd lattice to an extent visible by XAS.”

Besides XANES, the Fourier transform extended X-ray
absorption fine structure (FT-EXAFS) data (Figure S8 and
Table 1) also provided evidence of hydride formation from the
average value of the Pd—Pd bond distance. Table 1 shows the
results for three spectra in similar conditions to those shown in
Figure 1. Because the use of EXAFS data in eq 1 requires the
knowledge of Ry(T) and AR(T),” two gas-phase spectra were
obtained at SO and at 125 °C while cooling in He after
reduction at 180 °C. The two spectra should represent bare
Pd° nanoparticles free of hydrogen. The bond distance of the
first Pd neighbor in the spectra is reported in Table 1 together
with the corresponding H:Pd stoichiometry determined
according to eq 1 and to the methodology described in the
following (Figure S9).° While the H:Pd stoichiometry
obtained by EXAFS fitting and eq 1 is lower than that
obtained by a combination of H,-TPR and XANES, it has to
be recalled that eq 1 considers bulk Pd and that Pd
nanoparticles may behave differently. Moreover, carbon
insertion affects also in a very similar way the average Pd—
Pd bond distance determined by EXAFS making this method
ambiguous. Hence, XANES appears more reliable and its use is
described in the following.

Gas-Phase Experiment. Temperature-programmed re-
duction by hydrogen (H,-TPR) was performed to quantify
the amount of hydrogen desorbed from and consumed by the
catalyst. Figure 2 shows three consecutive TPR measurements
from 30 to 180 °C (TPR-1), to 400 °C (TPR-2), and to 600
°C (TPR-3) that served to quantify hydrides in the gas-phase
experiment. The aim of the consecutive H,-TPR was to
investigate the effect of the end temperature on the amount of
desorbed and consumed hydrogen. Prior to each H,-TPR
experiment, the catalyst was kept in a reducing flow of 10 vol %
H,/Ar for 15 min. The negative peak (H, release) centered at
56 °C in the three consecutive H,-TPR sequences is readily
attributed to the desorption of hydrogen from decomposition
of hydrides.””*® The similar areas of this peak in TPR-1 and
TPR-2 suggest that heating the sample to 180 °C did not affect
significantly the proportion of the hydride phase. Based on the
calibration of the thermal conductivity signal with CuO
providing the amount of desorbed hydrogen and on the
amount of Pd loaded in the experiment, the H/Pd ratio was
0.4 (PdH,,) for TPR-1 and TPR-2.

In TPR-2 performed up to 400 °C, a positive peak (H,
consumption) appeared at 260 °C that reflects the reduction of
the residual PdO observed by XAS. It corresponds to a H/Pd
ratio of 0.07, thus indicating that 7% of Pd remained as PdO
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TPR-1

TPR-2

TPR-3

TCD signal (a.u.)

T T T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 550 600
Sample temperature (°C)

Figure 2. TPR experiments on 5 wt % Pd/Al,O; from 30 to 180 °C
(black, TPR-1), 30 to 400 °C (red, TPR-2), and 30 to 600 °C (blue,
TPR-3). Conditions: 10 vol % H,/Ar, 2 °C/min. Profiles are offset for
clarity.

and was reduced only at 260 °C. Because more Pd’ was
obtained at the end of TPR-2, the negative peak of hydrides
was accordingly larger in TPR-3, while the positive peak at 260
°C was absent indicating unambiguously that Pd reduction was
complete after reduction at 400 °C (TPR-2). The amount of
desorbed hydride increased from TPR-1/TPR-2 to TPR-3
corresponding to an increase of H/Pd ratio from 0.40 to 0.47,
thus consistent with the value of hydrogen consumed for the
reduction of PdO in TPR-2. These values of PdH, are
coherent with previous work and are characteristic of the f-
PdH phase.”*7'**

Heating and cooling segments of H,-TPR experiments
carried out at different ramping rates (2—S5 °C/min; Figure
S10) returned values of the energy of desorption and
adsorption of H, of 1 and 1.3 kJ/mol, respectively, in
agreement with the knowledge that hydrogen adsorption—
desorption on Pd°® does not require activation.’

The H,-TPR procedure was repeated in the XAS cell to
assign a spectrum to the H:Pd stoichiometry established by the
H,-TPR in Figure 1 on the same sample. Various factors,
including particle shape and temperature of reduction, can
affect the amount of hydrogen stored in the Pd nano-
particles.””® QuickXAS spectra measured at 30 °C in the 15
min prior to start of the H,-TPR experiment were analyzed
using principal component analysis (PCA) followed by
multivariate curve resolution alternating least squares (MCR-
ALS; Figure S11). PCA identified three components that
allowed describing the reduction of PdO present in the pre-
reduced catalyst and the formation of the hydride phase in 10
vol % H,/He at 30 °C using MCR-ALS. The spectra of the
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three components returned by MCR-ALS (Figure S12a)
correspond to Pd’ (labeled as Pd), Pd hydride, and partially
oxidized Pd (PdO). These spectra can be compared to the
reference spectra that one would use for a linear combination
fit (LCF) of the same dataset (Figure S12b). Because of the
nanoparticle nature of Pd, the initial state of the catalyst can be
used to represent the partially oxidized state of Pd instead of
bulk PdO; in this case, a mixed oxidized state needs to be
considered for the initial catalyst (Figure S7). The spectrum of
Pd® was obtained at 30 °C after H,-TPR to 400 °C instead of
the Pd foil. The spectra of Figure S12 are very similar if not
identical, revealing that MCR-ALS delivers the adequate set of
components. The spectrum of the fresh sample cannot be
considered that of a simple pure component because it is
clearly a combination of reduced and oxidized Pd (see above).
At 30 °C, the fraction of PdO decreased below 10% within 150
s in the reducing flow (Figure S11) and was replaced by the
spectrum of hydrides through a short period (ca. 60 s) of Pd°
as already observed before.”

After reduction at 30 °C, the catalyst was heated to 160 °C
to enable observation of desorption of the hydrides by XAS,
similar to TPR-1 in Figure 2. Finally, the gas flow was switched
to He to obtain the reference spectrum of the bare Pd
nanoparticles and the sample was cooled to 30 °C. Pd
nanoparticles are termed bare at this point because hydrides
have desorbed according to Figure 2. The complete time-
resolved XAS dataset measured in the two segments (heating
and cooling) was analyzed using MCR-ALS. Figure 3 combines
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Figure 3. MCR-ALS of in situ XANES spectra of 5 wt % Pd/Al,O;
while heating in 10 vol % H,/He to 160 °C at 2 °C/min. The
integrated TCD signal during a similar TPR experiment is also shown.

the integrated area of the TCD signal obtained in TPR-1 and
the fraction of hydrides obtained from MCR-ALS analysis of
the XAS dataset as a function of temperature during the
heating phase. Both curves exhibit essentially the same shape.
The difference in desorption temperature (9 °C) obtained
from the first derivative of the profiles (Figure S13) is
reasonable when considering the differences in geometry and
possibly heat distribution between the H,-TPR reactor and the
XAS cell.

The H,-TPR data in Figure 2 also suggest that hydrides
desorbed completely at 110 °C, while the MCR-ALS analysis
of the XAS data showed that the hydride component was still
present at the same temperature. Similar to TPR-1, heating the
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sample to 160 °C was not sufficient to remove completely the
hydride phase, which may indicate the persistence of the
hydride in the a-phase."’

Liquid-Phase Experiments. Similar to the gas phase, it
was necessary to reduce the oxide phase present on the catalyst
in the experiment in the liquid environment. For this purpose,
a Hj-saturated 2-propanol solution was passed through the
catalyst bed at 125 °C for 1 h. After this reductive treatment,
the XANES spectrum of Figure 1 exhibited the same features
observed for the Pd hydrides in the gas-phase experiments.'®
However, Figure 3 clearly shows that hydrides begin to desorb
below 70 °C in gas-phase experiments. Hence, the stability of
hydrides increases significantly in the liquid environment (2-
propanol in this case) in the temperature regime where bare
Pd° is observed in the gas phase, a behavior that we have
already observed in the case of Pt/ALO;.”"

Utilization of the hydrides generated under these exper-
imental conditions is a central topic for liquid-phase-catalyzed
hydrogenation reactions.”” Hence, the above procedure to
quantify the fraction of hydrides present on Pd/Al,O; in the
liquid environment using MCR-ALS and the dataset of the gas-
phase experiments (Figure 3) was repeated by adding the
dataset of time-resolved XAS spectra during transient furfural
hydrogenation.

The traces in Figure 4a show the temporal evolution of the
various Pd species obtained by MCR-ALS starting from the
point where a H,-saturated solution of furfural was admitted to
the catalyst bed to enable liquid-phase hydrogenation. Similar
to Figure 3 and as described above, the spectra used for MCR-
ALS were obtained considering all spectra from the sets of the
gas-phase and liquid-phase experiments to improve the
robustness of the method (Figure S9). PCA returned up to
five principal components but four components were retained
(Figure 4b) because they allowed describing a coherent
behavior according to the experimental conditions. The
spectrum of the fourth component extracted from this dataset
presents different features compared to the spectra of PdH,
and PdO species and is attributed to a Pd carbide-like
component (PdC,; Figure 4b). The spectra of pure
components were fitted to each spectrum to quantify the
fraction of hydrides present. As we can now quantify the H
content in the hydride phase, instead of the generic component
fraction the right axis scale of Figure 4a shows the actual H:Pd
stoichiometry that has been derived from the gas-phase
experiment.

At t = 0 min, the initial fraction of hydrides in H,-saturated
2-propanol at 50 °C was similar to what was achieved in 10 vol
% H,/He at 30 °C in Figure 3 with a hydride fraction of 85%
and an initial PdO fraction of 6%, the rest being the Pd’
component. After switching to the furfural solution, there was a
delay of ca. 30 s before changes could be observed in the
middle of the catalyst bed, where the spectra were measured,
that is associated with the time required for the solution to
reach this point. Then, the concentration of hydrides decreased
rapidly to zero mirrored by an increasing fraction of the Pd’
and PdC, component, which became dominant. Together with
the changes associated with Pd° and the hydride components,
the MCR-ALS analysis returned also the disappearance of the
oxidized component (PdO). The features in the XANES
spectra after exposure of the catalyst to the furfural solution for
30 min corresponded to those that are considered
representative of Pd carbide (or carbonaceous) species as
shown in Figure 1, a situation that was achieved already after
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Figure 4. (a) MCR-ALS of in situ XANES spectra of S wt % Pd/
AL, O, during furfural hydrogenation at S0 °C. PdO (red), Pd (black),
and PdH (blue) component fractions are displayed on the left y-axis,
while H/Pd ratio is displayed on the right y-axis. (b) Spectra of pure
components used in (a) and scaled difference spectra obtained from
subtraction of the spectrum of Pd from the others.

ca. 4 min according to the data of Figure 4.” We note that in
principle a similar approach to the one shown here could be
used for the quantification of these carbidic species in
agreement with similar efforts in the gas phase.”

To rationalize the behavior of the Pd hydride phase in the
presence of furfural, we performed identical measurements at
50 °C with 2-propanol saturated with CO and with a solution
of cyclohexene after preparing PdH,, as described above. The
results are shown in Figure S from the perspective of the time-
dependent XANES data (magnified energy region and 2D time
dependence) from the moment the solution containing
furfural-H,, CO, or cyclohexene-H, was admitted to the cell.
Comparison of the three experiments shows that abrupt
changes occurred only in the case of furfural hydrogenation
(Figure Sa). Hardly any change was detected in the presence of
CO (Figure Sb) and cyclohexene (Figure Sc). The gas
chromatographic (GC) analysis of the solution exiting the cell
indicated that cyclohexene conversion was 35% after 30 min.
Hence, cyclohexene reacted at the surface of the Pd
nanoparticles, most likely consuming hydrogen dissociated at
their surface. In the case of CO, we anticipate that the ATR-IR
spectra obtained in a similar experiment clearly displayed
adsorbed CO on reduced Pd (Figure 6), indicating that CO
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coordinates to the surface of the Pd nanoparticles despite the
presence of the hydride phase. In both cases, the XANES data
indicated that the supported PdH,, phase was stable under the
applied conditions, while it vanished quickly in the presence of
furfural.

We interpret these results using the cartoons in Figure S.
CO adsorption (Figure Sb) is not affected by hydrides, it may
displace hydrogen at the surface of the nanoparticles but does
not contribute to the removal of the hydrogen atoms present in
the particle bulk. Cyclohexene hydrogenation (Figure Sc) most
likely uses surface hydrogen atoms and does not affect the bulk
of the PdH,, phase. In this case, an equilibrium is installed that
consumes hydrogen atoms through reaction with cyclohexene
and that replaces them with new hydrogen atoms from either
the bulk hydride phase or directly from the liquid phase. We
assume that there is no C-containing deposit here and that
cyclohexene adsorbs, reacts, and desorbs as cyclohexane.
Therefore, no change is observed in the XANES, which is
confirmed by the constant Pd—Pd distance under these
conditions observed in the corresponding FT-EXAFS data
(not shown). The average size of the Pd particles of this Pd/
ALOj; (2.5 nm) is likely already large to allow XAS to become
sensitive to surface processes. This is reflected by the high
coordination number (CN, ca. 10) obtained by the fit of the
FT-EXAFS data in the experiments (Table 1). We interpret the
different behavior compared to the experiment with furfural to
be given by the desorption of the products of cyclohexene
reaction, in this case cyclohexane. In the case of furfural, not
only hydrogenation occurred, but likely other side reactions
consuming hydrogen atoms took place when furfural was
added to the PdH,, phase that contributed to the
consumption of the hydrogen atoms in the particle bulk.
The products of these reactions may form a layer of adsorbates
that plays the role of barrier preventing hydrogen atoms from
maintaining the equilibrium with the bulk, besides reducing the
hydrogen coverage. Hydrogen may still dissociate at the Pd
surface but cannot enter the bulk, cannot form the PdH,,
phase, and thus cannot be detected by XAS. These adsorbates
eventually formed Pd carbide-like species (at least from the
perspective of XAS) that are evidently more stable than the
starting hydride phase.”® This interpretation is in line with the
electrocatalytic observations of the high reactivity of aldehydes
including furfural revealing that bulk hydrides are consumed in
the presence of such reactants.”* However, we believe that in
our experiment catalytic activity toward furfural hydrogenation
is not sustained by the adsorbates remaining on the catalyst
and contributing to PdC,, rather the catalyst deactivates in a
short time. We think that the change in Pd speciation is too
abrupt at the point of addition of furfural and that probably the
experimental conditions in terms of furfural/Pd ratio are not
optimal to achieve stable activity, but this needs to be
confirmed with further measurements.

In the case of furfural hydrogenation, GC analysis of the
outlet solution revealed that 5% conversion occurred to both
furan and furfuryl alcohol, the former being the major product.
We have performed a similar operando ATR-IR experiment in
a dedicated, hence different, cell that revealed a higher furfural
conversion (25%) but similar selectivity under the same
conditions of temperature and pressure. The ATR-IR experi-
ment was performed to observe the surface of the Pd/Al,O;
catalyst from the perspective of the adsorbates present during
furfural hydrogenation. As anticipated above, the spectrum
obtained after flowing a furfural solution in H,-saturated 2-
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Figure S. In situ time-resolved XANES spectra of Pd/Al,O; at t = 0 and 15 min and corresponding color map representations of all spectra during
(a) furfural hydrogenation (same data of Figure 4), (b) CO adsorption, and (c) cyclohexene hydrogenation after preparation of the supported
PdH,, phase.

propanol for 30 min evidenced the formation of adsorbed CO carbide-like species (Figure 1). The ATR-IR spectra do not

(Figure 6). The intense band at 1915 cm™" and the weak signal allow us to assign specific signals to such species suggesting
at 2000 cm™" were readily associated with bridged CO (COy) that the carbide-like species are either hidden within the
and linear bonded CO (COy), respectively.”’ The strong CO various envelopes (Figure S14) or do not contribute
signals were accompanied by the carbonyl bands (¢(C=0) at significantly with finite bands. In the latter case, this would
1704 and 1684 cm™")* and further signals below 1600 cm™" of point to a nonspecific molecular structure of these species.
dissolved furfural. The first information from the vibrational Because at this point in time CO covered the Pd surface, CO
experiment complementary to the XAS experiment is thus that adsorption from 2-propanol was carried out at 50 °C in the
furfural decarbonylation occurred, in agreement with the XAS cell after preparing the hydrides as described above.
identification of furan at the end of both XAS and ATR-IR Figure 6 shows also the spectrum obtained at saturation
experiments by GC. The XAS data showed that the hydrides coverage, which displays essentially similar features to those
were consumed simultaneously (Figure Sa) and that they were observed in the adsorption of CO during furfural hydro-
replaced by other species, whose features resemble those of genation. Figure Sb also demonstrates that CO adsorption did
3329 https://doi.org/10.1021/acscatal.2c04791
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Figure 6. In situ ATR-IR spectra of 5 wt % Pd/Al,O; after 30 min
reaction of furfural hydrogenation at 50 °C and after adsorption of
CO in 2-propanol at 50 °C (labeled as CO ads.). The DRIFT
spectrum of adsorbed CO from gas phase (CO ads. gas) is also shown
for comparison and is offset for the sake of clarity.

not displace the hydrides, whose concentration remained
constant along the experiment. This is most likely due to the
fact that despite the nanosize of the Pd particles, the hydrides
are bulk species and poorly interact with CO coordinating to
the surface of the particles. Therefore, the removal and
consumption of the hydrides must occur because a reaction
proceeds at the surface of the particles and its intermediates or
byproducts are able to cause the decay of the XAS signal of the
hydrides.

Because adsorbed CO observed by ATR-IR spectroscopy
during furfural hydrogenation originates from a chemical
reaction, it is interesting to compare the CO coverage and the
Pd site occupancy with respect to the available Pd surface from
both the gas-phase and liquid-phase experiments. The
spectrum of adsorbed CO in a gas-phase experiment (S vol
% CO/Ar; Figure 6) was similar to the transmission spectra
obtained for the same catalyst.”” Besides CO; and COy, the
hollow bonded CO (COy) was present, which appeared as a
shoulder of COjy in 2-propanol, suggesting that COy is less
favorable in liquid phase. Figure 6 shows that not only
adsorption of CO from the gas phase but also adsorption of
CO from the liquid phase (CO-saturated 2-propanol)
produced a different spectrum from that obtained during
furfural hydrogenation. The most striking difference is the
bathochromic shift of the CO bands by 20 cm™". Moreover,
the ratio of the integrated areas of the COg and COy, signals
(CO/CO) was 7.7 in the case of CO adsorption in 2-
propanol, while it reached a value of ca. 45 in the experiment
with furfural suggesting a vastly different site occupancy during
reaction.

While we consider that the difference between adsorption of
CO from gas phase and from 2-propanol may arise from the
different experimental conditions under which adsorption was
performed, and also because of the presence of a polar liquid
environment (2-propanol), the explanation of the different
behavior during reaction and upon CO adsorption in the liquid
environment is less straightforward to rationalize. The shift
observed during the reaction could be attributed to the
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presence of hydrogen in the form of hydrides and of furfural, a
reactive environment that influences the electronegativity of
the surface. This would confirm the observation made by XAS
that a fraction of hydrogen remained adsorbed on the Pd
surface. We consider the different COy/CO; ratio, an
indication that the coverage of Pd(111) sites by CO is lower
in the presence of furfural and hydrogen than when only CO is
present in solution. This might indicate that the Pd(111) sites
that are free of CO can perform furfural hydrogenation to
furfuryl alcohol, the competing reaction to the decarbonylation
of furfural in the early stages of reaction. At longer reaction
times, Rogers et al.>° showed that catalyst deactivation starts
from the carbidization of terrace sites, which could be in
agreement with the complete loss of the hydride phase in our
experiments in the presence of furfural. The changes in the
properties of CO uptake by the Pd nanoparticles observed here
are attributed to interaction of adsorbed CO originating from
furfural decarbonylation with fragments of organic molecules
deriving from furfural (e.g, furans) that contribute probably to
the fraction of Pd carbide-like species observed by XANES.
The high CO3/COy ratio obtained during reaction is then the
result of the removal of the Pd hydride species that is
monitored by XAS and that allows a larger coverage of the Pd
surface by at least CO, the adsorbate that is clearly visible in
the ATR-IR spectra. The co-adsorption of organic moieties
probably of aromatic nature could cause increased back-
donation to adsorbed CO molecules and elongation of the
carbonyl bonds through enhanced electron transfer to the
metal nanoparticles,”” thus potentially justifying the observed
bathochromic shift compared to CO adsorption.

B CONCLUSIONS

In this work, we have prepared Pd hydrides on a 5 wt % Pd/
AL, O; in 2-propanol solvent, we have quantified the H:Pd
stoichiometry of the Pd hydrides and we have studied the
consumption of Pd hydrides as a result of the chemistry
involved in furfural hydrogenation on the catalyst. The
determination of the H:Pd stoichiometry was obtained from
a similar gas-phase experiment combining H, temperature-
programmed reduction with X-ray absorption spectra and their
multivariate curve resolution alternate least square analysis.
This approach does not rely on the use of empiric formulas.
During furfural hydrogenation, the Pd hydrides produced on
Pd/Al,O; were rapidly consumed and replaced by mixed Pd°
and Pd carbide-like phases. Rationalization of the results using
similar experiments with CO and cyclohexene hydrogenation
and complementary data from attenuated total reflection
infrared spectroscopy experiments revealed that the bulk
hydride phase is readily consumed only in the case of the
experiment with furfural. CO and cyclohexene hydrogenation
do not contribute to hydride consumption and/or displace-
ment. Therefore, accumulation of furfural hydrogenation and
decarbonylation products on the surface of the Pd nano-
particles is associated with the bulk Pd hydride consumption,
the carbonaceous byproduct species forming a barrier for bulk
hydride formation and preventing achievement of the
equilibrium between bulk and surface concentrations of the
hydride species. The transient approach proposed in this work
to study the reactivity of the Pd hydrides that is borrowed from
gas-phase experiments offers new possibilities to interrogate
heterogeneous catalytic hydrogenations in the liquid phase.
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