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Restructuring of Palladium Nanoparticles during Oxidation

by Molecular Oxygen

Oleg Usoltsev, Dragos Stoian, Alina Skorynina, Elizaveta Kozyr, Peter N. Njoroge,
Riccardo Pellegrini, Elena Groppo, Jeroen A. van Bokhoven, and Aram Bugaev*

An interplay between Pd and PdO and their spatial distribution inside the par-
ticles are relevant for numerous catalytic reactions. Using in situ time-resolved
X-ray absorption spectroscopy (XAS) supported by theoretical simulations, a
mechanistic picture of the structural evolution of 2.3 nm palladium nanoparti-
cles upon their exposure to molecular oxygen is provided. XAS analysis revealed
the restructuring of the fcc-like palladium surface into the 4-coordinated struc-
ture of palladium oxide upon absorption of oxygen from the gas phase and
formation of core@shell Pd@PdO structures. The reconstruction starts from
the low-coordinated sites at the edges of palladium nanoparticles. Formation
of the PdO shell does not affect the average Pd—Pd coordination numbers,
since the decrease of the size of the metallic core is compensated by a more
spherical shape of the oxidized nanoparticles due to a weaker interaction with
the support. The metallic core is preserved below 200 °C even after continuous
exposure to oxygen, with its size decreasing insignificantly upon increasing the
temperature, while above 200 °C, bulk oxidation proceeds. The Pd—Pd distances
in the metallic phase progressively decrease upon increasing the fraction

of the Pd oxide due to the alignment of the cell parameters of the two phases.

peroxide,/”#! oxidative cross-couplings.l®13]

The formation of palladium oxide during
these reactions in both bulk samples and
nanoparticles is not only the consequence
of the presence of molecular oxygen in the
reactant feed but can often be a prereq-
uisite of the active catalytic phase.[>1%15]
For example, a group of Grunwaldt demon-
strated that the active phase in Pd/ZrO,
catalyst for methane combustion in car ex-
haust systems is palladium oxide, while
high-temperature operation regime leads
to sudden catalyst reduction accompanied
with deactivation,!'®) while for aerobic oxi-
dation of benzyl alcohol over alumina sup-
ported palladium, the same group high-
lighted the better catalytic performance
of metallic phase compared to palladium
oxide.*! In contrast, Pd(Il) state proved
active and stable species in our recent
study on aerobic oxidation of 2-propanol.l’]

Pioneering works based on indirect
approaches (e.g., estimation of oxygen
consumption)!'’2%1  paved the way for

1. Introduction

Palladium-based catalysts are extensively used for a wide range
of industrially relevant oxidation reactions, such as the combus-
tion of carbon monoxide and methane,'*) selective aerobic oxi-
dation of alcohols,**! and hydrocarbons, ] synthesis of hydrogen

understanding the mechanism by which bulk Pd samples and
Pd nanoparticles are oxidized by molecular oxygen, and the
reverse (i.e., palladium oxide is reduced by hydrogen,carbon
monoxide, and other gasses), but did not allow one to reveal
whether oxide, metallic or a mixed phase was formed under cer-
tain reaction conditions. This was made possible much later,
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by the advent of operando spectroscopies, including X-ray pho-
toelectron spectroscopy!?!! and X-ray absorption spectroscopy
(XAS),22241 which rapidly became one of the most powerful
methods to determine the average oxidation state and the lo-
cal structure of metal sites under reaction certain conditions
reaction, allowing one to establish structure-activity correlations.
This was successfully demonstrated in recent studies from dif-
ferent groups (see, e.g.,),[1*15%-29 and even in the liquid phase
as reported by Fovanna et al.[*] An oscillatory behavior between
the metallic Pd and palladium oxide phases was detected by
time-resolved XAS on a Pd/Al,O, catalyst during methane oxi-
dation. These data, coupled with information on the catalytic ac-
tivity, evidenced the importance of the palladium oxide phase and
the negative effect of auto-reduction phenomena on the catalytic
properties.’! In agreement with these conclusions, the stabiliza-
tion of palladium oxide clusters was shown to improve methane
oxidation activity.[3%!

Apart from determining the average oxidation state and first-
shell coordination of palladium under reaction conditions, a
systematic XAS study can also reveal the spatial distribution
of the Pd phases (e.g., core-shell structures),?334 which is
relevant to catalytic properties.'>?!] However, the extraction
of such detailed information from XAS data is not a triv-
ial task. In this context, we have recently applied in situ and
operando XAS complemented by advanced analysis of both ex-
tended (EXAFS) and near-edge (XANES) regions to reveal sub-
surface and bulk palladium hydrides,**3%! surface and bulk
carbides,?239#] and oxides.!'>*] In particular, we unambigu-
ously demonstrated how the combined analysis of EXAFS
and XANES regions, coupled with complementary techniques,
can discriminate between the bulk and surface structure of
nanoparticles.

Herein, we extend our investigation presenting a systematic
time-resolved XAS study of well-defined supported Pd nanopar-
ticles during their oxidation upon exposure to molecular oxygen
and successive reduction by hydrogen. The XANES region was
used to estimate the averaged Pd(II)/Pd(0) ratio. A core@shell
Pd@PdO model was applied to fit EXAFS data, providing infor-
mation on the evolution of the core/shell ratio and structural pa-
rameters of Pd-Pd and Pd-O contributions. The experimental
data were complemented by density functional theory (DFT) cal-
culations of Pd and PdO phases and molecular dynamics simu-
lations of the oxidation process over ns timescales using ReaxFF
potentials.

2. Results and Discussion

2.1. Analysis of the XANES Data: Surface versus Bulk Oxidation

Figure 1 shows the XANES spectra of the fully reduced
Pd(0)/Al,O; catalyst before (black) and after (red) exposure to
20% O,/He feed (evolution is shown in gray) at eight selected
temperatures in the 50400 °C range. The spectra of the metallic
Pd foil and bulk palladium oxide are also reported as references
(black and red dashed curves, respectively). At all temperatures,
as soon as the fully reduced Pd(0)/Al,O, catalyst gets in con-
tact with O,, its XANES spectrum rapidly changes and the spec-
tral features characteristic of palladium oxide appear, indicating
the partial oxidation of Pd(0) to Pd(II). For temperatures below

Small 2024, 2401184

2401184 (2 of 1)

www.small-journal.com

200 °C, although the initial changes are immediate, the final spec-
trum (collected after 40-70 min in O,) is still different from that
of the bulk palladium oxide, suggesting that the oxidation in-
volves only a fraction of the Pd(0) nanoparticles. Above 200 °C,
instead, the final spectrum is very similar to that of bulk palla-
dium oxide. Notably, at each investigated temperature, reduction
in H, immediately (below the time achieved resolution of 10 s per
spectrum) brings the system back to the Pd(0) state (gray back-
ground).

These time-resolved data were subjected to a PCA analysis,
which revealed only two components in the whole XANES dataset
(i-e., Pd(0) metallic phase and Pd(II) oxide, Figure S1,Supporting
Information), except for the data collected at 50 °C, where an
additional component was related to the presence of palladium
hydride during the reduction step. As reported earlier,?22] the
XANES shaping of the hydride component is very similar to that
of the pure metallic one, which is due to the fact that PdH, struc-
tures preserve the fcc-like orientation of Pd atoms and Pd(0) ox-
idation state. However, the increase of the Pd-Pd distances re-
sults in a slight shift of the resonances above the edge toward
lower energies. Nevertheless, such spectra do not share common
features with the characteristic XANES spectrum of PdO with its
increased white line and completely different fingerprint of max-
ima and minima (See, e.g., dashed red lines in Figure 1. There-
fore, further MCR analysis was performed using only two com-
ponents. The results of the MCR analysis are summarized in
Figure 2, which reports the fraction of Pd(II) in the Pd/Al, O, cat-
alyst as a function of time for all the investigated temperatures.
Below 200 °C, a rapid increase of the Pd(I) fraction is observed
as soon as O, is present in the feed, accounting for ~30%—-40%
of the total, followed by a plateau with a very slow increase over
an hour time-scale. The maximum amount of Pd(II) fraction is
~0.3 at 50 °C and it increases to ~ 0.5 at 180 °C. Starting from
220 °C, another behavior is observed, resulting in further growth
of Pd(II) with kinetics strongly dependent on temperature. At
220 and 260 °C, an initial and rapid appearance of a Pd(II) frac-
tion (x30% of the total) is observed, followed by a slow growth
at longer times. The plateau is reached after more than one hour,
and the final Pd(II) fractions are as high as ca. 0.8 and 0.9, for 220
and 260 °C respectively. At higher temperatures, the initial frac-
tion of Pd(II) is much larger and the plateau is reached almost
immediately, with final Pd(II) fractions close to 100%. Consider-
ing the nanometric dimensions of the particles, the rapid growth
of the Pd(II) fraction at the beginning of each oxidation step is ex-
plained in terms of surface oxidation, which accounts for a Pd(II)
fraction of ~30% of the total. Bulk oxidation starts above 200 °C
and proceeds faster at higher temperatures.

The data for Pd(II) formation as a function of time were fitted
with an exponential function of the type f (x) = A, — Aje =)
(Figure S2, Supporting Information), where A, corresponds to
the final Pd(II) values at each temperature, A, is the fraction of
metallic phase at t = t,, and k is the rate constant of the oxidation
process. These values are shown in Figure 3a, which highlights
that 200 °C is the border between surface and bulk oxidation: be-
low 200 °C, only the surface of the Pd(0) nanoparticles is oxidized,
while above 200 °C oxidation of the Pd(0) core takes place. More-
over, the three Pd(II) formation curves collected at 220, 260, and
300 °C were used to evaluate the activation energy of bulk oxida-
tion (E,) through the Arrhenius plot reported in Figure 3b, which
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Figure 1. Evolution of the normalized Pd K-edge XANES spectra for Pd/Al,O; sample (black) during oxidation at different temperatures (gray sequence
up to red). The spectra of bulk palladium foil and palladium oxide are shown for comparison (grey and orange dashed spectra, respectively).

shows the In(k) versus 1/T. The data collected at temperatures be-
low 200 °C were not considered since only surface oxidation took
place. Those collected at the highest temperature were also ex-
cluded from the analysis since the oxidation occurs faster than
the experimental time resolution. The slope of the linear regres-
sion gives E, = 21.5 + 2.5 k] mol~!, which is in good agreement
with previous reports (e.g., for zirconia-supported palladium with
a much lower dispersion, 4%, E, = 24 k] mol~!).[18]

2.2. Analysis of the EXAFS data: Evolution of Structural
Parameters

To get a deeper insight into the reconstruction of the palladium
nanoparticles upon oxidation, the time-resolved and steady-state
EXAFS data were analyzed. At the first stage, we have com-
pared the Fourier-transformed (FT) spectrum of the fully oxi-
dized Pd(II)/Al,O; catalyst to that of bulk PdO (Figure S3, Sup-
porting Information) and that of the fully reduced Pd(0)/Al,O,
catalyst at room temperature with Pd foil (Figure S4, Supporting
Information). Notably, the first shell Pd-O contribution (1-2 A
region, phase-uncorrected, (Figure S3a, Supporting Information)
in Pd(II)/Al, O, is similar to that in bulk PdO, while the higher
shell Pd-Pd contribution (~3 A, phase-uncorrected) is signifi-
cantly reduced in the catalyst due to the nanometric dimensions
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of the nanoparticles. The former means that, on average, all Pd
atoms in the oxidized nanoparticles, including those at the sur-
face, are 4-coordinated with oxygen atoms, making the first-shell
Pd-O peak intensity independent of the particle size. The fact
was also confirmed numerically by first-shell fitting of the exper-
imental data. In contrast, the first shell Pd-Pd peak for the fully
reduced Pd(0)/Al,O, sample (Figure S3b, Supporting Informa-
tion) is remarkably lower than that of metallic Pd, as expected for
Pd nanoparticles, since the Pd atoms at the surface have a much
lower coordination number than those in the bulk. The average
coordination number as determined by a first shell EXAFS fit is
9.8 + 0.4, in agreement with previously reported data.[3*#244]

Figure 4 shows the k?-weighted |FT| spectra of Pd/Al, O, before
(black) and after (red) oxidation at the eight different tempera-
tures investigated. At each temperature, even below 200 °C, when
only surface oxidation was hypothesized, the first shell Pd—O con-
tribution grows at the expense of the first shell metallic Pd-Pd
contribution. This indicates that upon oxidation, a fraction of the
Pd atoms is converted from a fcc-like metallic structure into the
4-coordinated structure of PdO. It is worth noticing that the in-
tensity of the metallic Pd-Pd contribution is progressively lower
upon increasing the temperature, even though the Pd-Pd coor-
dination number does not change (vide infra). This is a conse-
quence of the increase in the dynamic Debye-Waller factor at high
temperatures.

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. Fraction of Pd(ll) in the Pd/Al,O; catalyst as a function of time, as determined by MCR analysis of the XANES spectra collected during oxidation
in O, (red background) and successive reduction in H, (grey background) at different temperatures. Data reported on a white background have been

collected under inert atmosphere.
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Figure 3. a) The saturated values of Pd(ll) fraction as a function of the
oxidation temperature and b) Arrhenius plot, i.e., the rate of Pd(0) bulk
oxidation to Pd(I1) as a function of the inverse temperature, as determined
by exponentially fitting the Pd(Il) formation curves reported in Figure 2.
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The high quality of the time-resolved EXAFS data allowed us
to fit every individual spectrum from the whole sequence col-
lected during the oxidation at each temperature using the follow-
ing procedure: i) the fit was performed with two contributions,
Pd-O and Pd-Pd weighted for the relative fractions of « and (1-
@), respectively; ii) interatomic distances, zero energy shift and
Debye-Waller parameter were independently varied for each con-
tribution; iii) coordination number for the Pd-Pd contribution
was varied, while for Pd—-O it was fixed to 4. This model neglects
the second coordination shell (Pd—Pd) of the oxide phase, but its
contribution is i) much weaker than Pd-Pd contribution from
the metallic palladium (e.g., compare the absolute intensities of
FT-EXAFS peaks in dotted lines in Figure S3 (Supporting Infor-
mation), parts a and b) and ii) the amount of Pd oxide phase is
high only at elevated temperatures, where the higher shell Pd-Pd
contribution is significantly suppressed. Also, the Pd—Pd contri-
bution of the oxide phase is located at a higher R-region compared
to the metallic palladium (3.0 vs. 2.5 A, phase-uncorrected). For
pure metallic particles, the Pd-O contribution was removed from
the fit, since its inclusion led to unreasonable values associated
with this path; similarly, for mainly oxidic particles the Pd—Pd
contribution was removed.

Figure 5 reports the fraction of oxide phase, a, as a function
of time (black) together with the coordination numbers of the
metallic Pd-Pd contribution (blue) as obtained from this analy-
sis, while the fit results for other structural parameters are shown
in Figures S4-S5 of the Supporting Information. The kinetics
of the palladium oxide phase formation, a, are in perfect agree-
ment with those independently obtained from XANES (Figure 2).

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 4. The amplitude of the k?-weighted FT of the EXAFS data (phase uncorrected) for the Pd/Al,O5 sample before (black) and after (red) oxidation
at different temperatures.
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Below 200 °C, the average Pd-Pd coordination numbers, Npypq,
are close to those obtained for metallic particles and slightly, but
systematically decrease as a function of time upon increasing the
temperature. Above 200 °C, Np,pq decreases with time, which
happens faster at higher temperatures. This gives a solid proof
that the metallic core of the particles shrinks while the oxidic
shells grow inside their bulk.

Another particular behavior was observed for the average
Pd-Pd interatomic distances (Figure 6; Figure S4, Support-
ing Information), whose values decrease from ~2.74 A for the
Pd(0)/Al,0; to 2.71-2.72 A, and keep on decreasing down to
2.69 A upon formation of bulk oxide phase. This behavior was ob-
served for all temperatures but is most evident at 220 °C, where
the bulk oxide formation is the slowest. It should be noted, that
although the standard error in the determination of Pd-Pd dis-
tances is close to 0.01 A for pure Pd(0)/Al, O, and it increases
with decreasing of the metallic phase fraction, the relative change
in the interatomic distances can be determined by EXAFS with
much better precision.!®] This is also confirmed by a very small
deviation from a clear linear trend in Rpypg, observed in the
Figure 6 up to PdO fractions of ~0.8. For a higher fraction of PdO,
asudden increasein R4 pq might be caused by a higher instability
of the fitting parameters of the metallic phase, whose fraction be-
comes negligible. This is also confirmed by a significant increase
of absolute errors and unphysical changes of AE, parameter of
metallic Pd-Pd path or PdO fractions > 0.8 (see data, e.g., for 220
and 260 °C in Figure S6, Supporting Information). Alternatively,
this can be affected by the second shell Pd-Pd contribution of the
PdO phase.

2.3. Interpretation of EXAFS Data: Oxidation of Low Coordinated
Sites, Reshaping

In the previous section, the fit of the EXAFS data collected at tem-
peratures below 200 °C revealed that the formation of the sur-
face palladium oxide does not lead to a significant reduction of
the average coordination numbers in the metallic phase (Npg.pq),
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which remains close to that of the pristine metallic nanoparticles
in absence of O,. Only when bulk PdO is formed, at tempera-
tures above 200 °C, the N4 drastically decreases. This result
is unexpected, since the formation of the surface oxide should
reduce the size of the metallic core and lead to smaller coordi-
nation numbers. Another confirmation of the fact that this is
not happening comes from the visual analysis of higher shell
signals in FT-EXAFS data. In general, when the particle size
decreases, the intensity of higher shell peaks decreases faster
than that of the first shell peak, as can be seen by comparing
the spectra of bulk Pd and Pd(0)/Al,O, (Figure S3b, Support-
ing Information). However, after the formation of surface ox-
ide, all higher-shell peaks are reduced proportionally to the first
shell one (Figure 4), which can be caused by a lower fraction
of metallic palladium, but not the smaller metallic core of the
particles.

The first hypothesis that can explain such behavior is the re-
shaping of the particles to a more spherical form that compen-
sates for the lowering of the coordination numbers due to the
formation of the oxide shell. This hypothesis was supported by
weaker metal-support interaction observed for smaller nanopar-
ticles supported on P4VP (Figure 7). Being stable in both O,
and H, at temperatures below 180 °C, exposure to oxygen at
220 °C led to the spontaneous growth of nanoparticles with the
increase of the average coordination number from 6, for activated
fresh reduced Pd/P4VP to 10. This is also evidenced in Figure S7
(Supporting Information), by the growing Pd-Pd contribution af-
ter the atmosphere was switched from He to O,. A similar ef-
fect was observed earlier for this type of sample in the process
of alcohol oxidation,!'®! and for bigger particles at higher tem-
peratures during methane combustion.[® Thus, under oxygen,
the interaction of Pd particles with the support becomes weaker,
which can lead to reshaping or sintering that affects coordina-
tion numbers. This goes in line with the known fact that the sur-
face energy of palladium oxide is lower than that of metallic palla-
dium. Therefore, the latter should maximize its interaction with
the support.

An additional explanation of the constant coordination num-
bers is the involvement of low-coordinated surface sites in the
oxidation process. Such atoms can form bonds with oxygens,
but this may not result in a decrease in the average Pd-Pd coor-
dination numbers. Molecular dynamics (MD) simulations with
ReaxFF potentials, that account for the creation and cleavage of
chemical bonds, were performed to mimic this process. A series
of MD simulations were run on an unsupported Pds, cluster
having a cuboctahedral morphology, in the presence of O, at 0,
200, and 400 °C (273, 473, and 673 K). The snapshots of the ox-
idation process at the three temperatures as a function of time
are shown in Figure 8. At all temperatures, the oxidation process
starts from the low-coordinated Pd-sites located on the edges of
the nanoparticle. Therefore, the oxide fraction affects those Pd
atoms whose contribution is minimal to the average coordina-
tion number, which agrees with EXAFS data. While upon the
growth of the bulk oxide, the size of the metallic core shrinks and
the average metal-metal coordination numbers decrease as evi-
denced by EXAFS in Figure 5e,f. In a real experiment, one should
also consider the size distribution of nanoparticles. Nanoparticles
with smaller sizes and a higher number of low-coordinated sites
are more prone to oxidation giving less effect on the reduction

© 2024 The Author(s). Small published by Wiley-VCH GmbH

85UB017 SUOLULLIOD 31D 3|cedl|dde auy Ag pausenob a1 Sajo e YO ‘BSN 0 S3|nJ 104 ARIq1T BUIUO /8|1 UO (SUORIPUOD-PLR-SLLBYW0D" AB| 1M ARIq 1 RU1IUO//SARY) SUORIPUOD PUe SWiB L 8U} 885 *[7202/80/ET] Uo ARiq1T 8ulluO AB|1M e1felieueIy00D Aq #8TTOYZ0Z |IWS/200T OT/I0p/W00 A8 M AReiq 1 puljuo//sdny woiy papeojumoq ‘0 ‘6289ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

www.small-journal.com

Fraction of Pd-O

1T 1T T T 1 1 T T T 1
0 20 40 60 80 100 0 20 40 60 80 100

Time (min) Time (min)

I I II':I I I
0 20 40 60 80 100 0 10 20 80 90 100

Time (min) Time (min)

Figure 7. Fraction of PdO phase, «a, (black squares, left ordinate axis) and the average Pd—Pd coordination number, Npy.py, (blue circles, right ordinate
axis) obtained by fitting the time-resolved EXAFS data for Pd/P4VP during oxidation at different temperatures from 50 to 220 °C a—d).

of EXAFS-derived Pd-Pd coordination numbers. In addition, the
simulation showed that among the available nanoparticle’s sur-
faces, the Pd(100) ones are preferentially oxidized (square-shaped
faces) compared to Pd(111) (triangle-shaped phases), which is
consistent with experimental reports.®”]

The final effect discussed in this section is the shortening of
Pd-Pd distances in the metallic phase observed upon oxidation.
As can be seen from Figure 6 and Figure S4 (Supporting Infor-
mation), the Pd-Pd interatomic distances get shorter upon the

formation of an oxide layer, and further reduce upon formation
of bulk oxide. Based on the previous result, we considered the
formation of (1/5x1/5)R27° PdO(101) layer on the Pd(100) sur-
face. Figure 9 shows the energy profiles of the metallic and ox-
ide phases as a function of the cell parameter which is substi-
tuted in the abscissa axis by the equivalent first-shell interatomic
distance in the metallic phase. The equilibrium cell parameter
for the metallic palladium surface corresponds to the Pd—Pd dis-
tance of 2.728 A, which is slightly lower than the experimental

0.1 ns

0.5 ns 1.0 ns

Figure 8. Snapshots from ReaxFF molecular dynamics simulations for un unsupported Pdsg; particle in O, atmosphere at after 0.1, 0.5, and 1.0 ns at
three different temperatures. Grey and red atoms correspond to metallic and oxidized Pd atoms, respectively. Red arrows highlight the regions where
the oxidation of subsurface Pd atoms occurs. Black and red lines highlight the edges of the particles in the initial state and after 0.1 ns.
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Figure 9. Energy profiles per one Pd atom in the unit cell (hollow squares,
right ordinate axis) and their first derivatives (solid circles, left ordinate
axis) calculated for Pd(100) (in blue) and PdO(101) (in red) surfaces as
a function of cell parameters, recalculated into the first-shell Pd—Pd dis-
tances to present the data in a uniform way.

value of 2.74 + 0.01 A. The equilibrium cell parameter of
PdO(101) would correspond to the Pd-Pd distance in metallic Pd
of 2.659 A. Therefore, the growth of the oxide layer on metallic
Pd should cause the lattice contraction in the latter. In the case of
an equal amount of Pd atoms in both phases, the predicted equi-
librium Pd—Pd distance in metallic Pd is 2.69 A (the intersection
of red and blue circles in Figure 9. The predicted distance for in-
terface with 25 Pd atoms in the metallic phase and 8 Pd atoms
in the oxide is 2.71 A, which was reproduced by direct calcula-
tion (Figure S9c, Supporting Information) resulting in the cell
parameter of 2.709 A. Therefore, the contraction of the Pd—Pd
distances observed by time-resolved EXAFS is directly related to
the alignment of the metallic and oxidic phases of palladium
upon the restructuring of the palladium nanoparticles in the
presence of molecular oxygen. It should be also noted, that, un-
like the first-shell Pd—Pd distances which are rigidly linked with
the Pd cell parameter, the Pd—O distances are not strictly linked
to the cell parameters, which can explain why the experimen-
tal difference in the interatomic distances was observed only for

Pd-Pd.

0,
final at T <200 °C
intermediate at T > 200 °C

www.small-journal.com

3. Conclusions

By a systematic time-resolved in situ investigation on a set of well-
defined 2.3 nm palladium nanoparticles complemented by theo-
retical simulations we achieved a mechanistic understanding of
palladium oxidation summarized in Figure 10: 1) A core@shell
(Pd@PdO) type of structure is formed during the oxidation of
metallic palladium nanoparticles by molecular oxygen. 2) At tem-
peratures above 200 °C the oxide shell grows toward the bulk of
the particle, forming a complete palladium oxide. 3) The oxida-
tion starts from the low-coordinated Pd sites and weakens the
metal-support interaction. 4) The local structure of Pd(II) species
remains 4-coordinated irrespective of the temperature and par-
ticle size. 5) Formation of the PAO/Pd interface causes the con-
traction of Pd-Pd distances in the metallic core of the particles
proportional to the fraction of the oxide phase.

4. Experimental Section

Materials: Commercial palladium catalysts, 5% Pd/Al,O; and
4% Pd/P4VP, were supplied by Chimet S.p.A. The 5% Pd/Al,O; catalyst
was prepared using commercial high-surface-area transition alumina as
the support (specific surface area, 116 m? g~'; pore volume, 0.41cm3 g™')
following a deposition-precipitation method using Na,PdCl, as a metal
precursor and Na,CO; as the basic agent, as described elsewhere.[“¥] Af.
ter Pd deposition, the catalyst was pre-reduced in aqueous solution using
sodium formate at 65 °C for 1 h. The catalyst was carefully washed with
water until complete removal of chlorine residues and dried overnight at
110 °C. The 5% Pd/Al,O3 sample has a palladium particle size of 2.3 +
0.6 nm determined by HR-TEM and a dispersion of 38.1% determined by
CO pulsed chemisorption method.[4°]

The 4% Pd/P4VP catalyst was prepared by using Pd(ll) acetate (here-
after Pd(OAc),) as a metal precursor and a poly-4-vinylpyridine 25% cross-
linked with divinylbenzene (Sigma-Aldrich, hereafter P4VP), showing a
specific surface area of ~50 m? g~ as support. P4VP (in the form of mi-
crospheres) was added to an orange solution of Pd(OAc), in acetonitrile
containing 4 wt.% of Pd with respect to the support and left under stir-
ring at room temperature overnight. The solution appeared completely
decolored, the sample was filtered, successively dried at room tempera-
ture, and mildly ground in an agate mortar. The average size of palladium
particles in the sample after the activation procedure (vide infra) was ~1.6
+ 0.3 nm.[">] Both samples have been objects of extensive characteriza-
tion in the past.[4%-52]

0O,
final at T> 200 °C

Pd(0)

Pd(0)@PdO

Pd(I1)O

Figure 10. A schematic summary of the oxidation of palladium nanoparticles.
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In Situ XAS Measurements and Data Analysis: In situ XAS data were
collected at BM31 beamlinel>3! of ESRF (Grenoble, France). The cata-
lyst powder was sieved to 116-200 pum and successively loaded into a
2 mm quartz capillary fixed from both sides by quartz wool. The capil-
lary was glued into a metal sample holder connected to a remotely con-
trolled gas panel permanently installed at BM31. The gas flows were
remotely controlled by electronic mass flow controllers (Bronkhorst) and
electro-valves. The temperature was regulated by the heat gun located be-
low the sample and was monitored online by a thermocouple inserted di-
rectly inside the capillary and touching the catalyst powder. The outlet of
the capillary was connected to the online mass spectrometer (Pfeiffer Om-
niStar GSD 320) to monitor the products (mainly, water) during the in situ
procedure.

Once loaded into the capillary (quartz glass, 2 mm thickness), the fresh
samples were flushed at room temperature by pure He (50 mL min~")
for 15 min and then activated in 20%H,/He flow for 30 min at 120 °C
for Pd/Al,O; and 1 h at 180 °C for Pd/P4VP to ensure pure metallic
state of the particles. Time and temperature were optimized in our pre-
vious experiments.[#0] The fully reduced samples will be referred to
as Pd(0)/Al,O; and Pd(0)/P4VP, respectively. After activation, the two
catalysts were subjected to a sequence of oxidation and reduction cy-
cles at increasing temperature from 50 to 400 °C. At each temperature
the gasses were sent in the following order: 0) pure He, 1) 20% O,/He
to form the oxide phase, 2) pure He to remove gas phase oxygen, 3)
20% H,/He to reduce Pd back to Pd(0). Since the full reduction to metal-
lic Pd was observed in H, at each temperature after the correspond-
ing oxidation step, no additional re-activation was performed in between
the cycles. The Pd/Al,O; sample after prolonged treatment in O, at
400 °C will be used as a reference for completely oxidized Pd nanopar-
ticles and referred to as Pd(ll)/Al,O;. Bulk palladium foil and commer-
cial PdO sample (Acros Organics NV) were used as Pd(0) and Pd(Il)
standards.

XAS data were collected in situ during the above procedure. The sig-
nal was registered in transmission geometry using ionization chambers.
The edge jump was ca. 0.4 and 0.2 for Pd/Al,O; and Pd/P4VP samples,
respectively. A third chamber was used for simultaneous measurement of
Pd foil for energy calibration. The energy was scanned by a double crys-
tal Si(111) monochromator operated in the continuous scanning mode
(10 s per spectrum) in the 24.1-25.2 keV range. XAS spectra were pro-
cessed in Python 3.7 using self-written procedures for data alignment, nor-
malization, PyFitlt>] and pyMCR libraries for principle component anal-
ysis (PCA) and multivariate curve resolution analysis!>>] of XANES spec-
tra, and Larch libraryl3637] for EXAFS fitting. For the latter, two contribu-
tions, Pd-O and Pd-Pd, were used with variable interatomic distances (R),
Debye-Waller parameters (c2), and zero energy shift (AE,). The coordina-
tion number for Pd-O was fixed to 4, as expected for bulk PdO, while the
Pd-Pd coordination number and relative fraction of metallic Pd and PdO
phases were kept as variables. Each spectrum was fitted independently in
the R-range of 1-3 A (phase-uncorrected) using k"»23-weighted data in the
k-range of 3-12 A-1.

Molecular Dynamics and DFT Simulations: Molecular dynamics sim-
ulations with ReaxFF force-fields!*8>°] were performed and visualized in
AMS v.2021.1 software (SCM, Theoretical Chemistry, Vrije Universiteit,
Amsterdam). A fcc-like cuboctahedron particle of 561 Pd atoms was placed
in a cubic box with a = 10 nm and surrounded by 1000 oxygen molecules.
The particle dimensions were 2.0 nm between the opposite (100) facets,
2.3 nm between the opposite (111) facets, and 2.8 between the opposite
vertex atoms. The simulations were run at the constant temperature of
273, 473, and 673 K with Nosé-Hoover thermostats (damping constant
100 fs). The total simulation time was set to 1 ns, with the integration
time of 0.25 fs. Prior to the visualization of the selected snapshots, the
formed structures were relaxed with the same potential without gas phase
molecules.

VASPI®0-62] of Pd and PdO surfaces were performed with PBE func-
tional. The cut-off energy for the plane-wave basis was set to 700 eV. The
8%8*1 Monkhorst—Pack grid was used to sample the k-space. The Pd(100)
surface was created based on the fcc crystal structure with 5 layers of Pd
atoms and a 10 A vacuum layer in z-direction. The PdO(101) surface con-
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tained 4 layers of Pd and O atoms and a 10 A vacuum layer in z-direction.
For the interface, the (\/SX\/S) R27° surface oxide on Pd(100) was consid-
ered. For every type of structure, a set of input geometries was generated by
varying the x- and y- basis vectors of the unit cell, and geometry relaxation
was performed for every value of x = y. These data were used to calculate
the energy profiles as the function of cell parameter, which was recalcu-
lated into first shell Pd—Pd distance, and forces created upon cell defor-
mation: for Pd(100) energy was scaled by a factor of 5 as the number of
atoms in (1/5x1/5)R27 supercell was 5 times larger, and for PdO(101) the
abscissa axis was divided by /5 after calculating the derivative of energy.

Statistical ~ Analysis: The experimental XAS dataset consisted
of more than 6000 spectra, which are made freely available at
dx.doi.org/10.5281/zenodo.10657314. Each spectrum was analyzed
independently using a procedure described in the Section 2.2. Repro-
ducibility of the results was confirmed by repeating each experimental
step twice on the same sample (the data in the Results and Discussion
section correspond to the first runs at each temperature). The fitting of
EXAFS data was performed in R-space by minimization of y?-functionl®3]
calculated for the Fourier-transformed experimental and modelled y (k).
The number of maximal variable parameters was determined based on
the fitting ranges in R- and k-spaces according to Nyquist criterion as Njg,,
= 2ARAk/z. The standard error of the fitting parameters was determined
in a standard way using Larch routine, based on the curvature of the
z2-function, taking as the tolerance level the root-mean-square average
of the high-R part of the y(R) signal, where no structural contributions
but rather random fluctuations are expected.[%]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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