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A B S T R A C T   

Interaction of CO and CH4 with palladium is a relevant process in numerous catalytic reactions, which may 
induce structural changes in the metal affecting its catalytic properties This work establishes a systematic study 
of the evolution of the atomic and electronic structure in alumina- and carbon-supported palladium nanoparticles 
in presence of CO and CH4 gases at temperatures from 50 to 350 ◦C by a combination of in situ X-ray absorption 
and infrared spectroscopies. Immediate adsorption of CO molecules with formation of surface carbon deposits 
due to the disproportionation reaction occurs at low temperatures, while above 250 ◦C, active formation of bulk 
palladium carbide is observed. In CH4 the later process starts only at ca. 350 ◦C. Reduction of palladium and 
contraction of the Pd-Pd interatomic distances were observed with increasing temperature irrespective of the gas 
atmosphere, including the inert one, particle size and the type of support. For carbon supported samples for
mation of palladium carbide occurred above 200 ◦C due to the decomposition of the support.   

1. Introduction 

Interaction of CO and CH4 with palladium is a problem of high 
practical relevance, since, on the one hand, palladium-containing cata
lysts are extensively used in CH4 selective oxidation [1,2] and com
bustion [3–7], and CO combustion [8–11]. On the other hand, CO and 
CH4 can be present as intermediates in numerous reactions, such as CO2 
hydrogenation [12–14] and others. It can be expected that the catalyst’s 
surface, as well as its bulk structure, can undergo structural changes as a 
function of the composition of gaseous atmosphere, temperature, and 
time which makes in situ and operando experiments of utmost impor
tance [11,14,15]. For example, interaction of palladium with hydrogen 
is known for decades [16], and based on the known Pd-H phase diagram, 
a researcher can optimize reaction conditions and correlate the catalyst 
behavior with metallic or hydride phase of palladium. Unlike palladium 
hydride phase, the “phase diagrams” of palladium carbides are not 
established and the result of interaction of palladium nanoparticles with 

a potential source of carbon, such as CO or CH4 molecules, is apriori 
unknown. 

In a number of works, evolution of the structure of palladium-based 
catalysts exposed to CO, CH4 and various reaction mixtures was fol
lowed by X-ray based techniques, namely X-ray absorption spectroscopy 
(XAS) and X-ray diffraction (XRD) [2,4,5,11,15]. However, such tech
niques are least sensitive to light impurities, like carbon, in the palla
dium lattice, and the detection of Pd-C interaction requires specific 
analytical approaches to be adopted [17–23]. The main advantage of X- 
ray techniques is their versatile application under in situ and operando 
conditions, including high pressures, due to utilization of high energy 
photons. Both XAS and XRD are bulk-sensitive, but since XAS does not 
require long-range order, its application to small (1–3 nm) nanoparticles 
allows extracting information about both surface and bulk of the parti
cles [17,18], while XRD often fails in the detection of ultra-small (below 
2 nm) nanoparticles [24], as well as in the cases of crystalline supports 
that can overshadow the reflections related to the supported particles 
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[23,25]. In the case of palladium, Pd K-edge XAS (~24 keV) is widely 
applied, which probes the transition from 1 s to the unoccupied p-states. 
In this case, extended X-ray absorption fine structure spectroscopy 
(EXAFS) spectra provide the (averaged) information about the local 
geometry around palladium atoms: coordination numbers, interatomic 
distances, and Debye-Waller parameters. Although p-states are less 
sensitive to the chemical surrounding compared to d-states, not only the 
oxidation state of Pd, but also the type of ligands and light impurities (H, 
C, N, O) can be determined by the analysis of X-ray absorption near-edge 
structure (XANES) [19–22]. Diffuse reflectance infrared Fourier trans
form spectroscopy (DRIFTS) [2,6,7,10] is often used as an independent 
and complementary to XAS tool for in situ and operando characterization 
via the vibrational properties of the probe molecules, such as CO, 
adsorbed on the active sites of the catalyst. A DRIFTS spectrum is 
therefore sensitive to the type and chemical state of the adsorption site, 
as well as the adsorption geometry. 

In this work, we investigate in detail the evolution of relevant in
dustrial catalysts, represented by alumina- and carbon-supported 
palladium nanoparticles, upon interaction with CO and CH4 gases in 
the temperature range from 50 to 350 ◦C. We reveal the role of CO 
(Section 3.1), CH4 (Section 3.2), the temperature effect and the type of 
support (Section 3.3) on the local atomic and electronic structure of 
palladium by combination of in situ XANES, EXAFS and DRIFTS spec
troscopies. The used multi-technique approach allowed us to follow the 
evolution of both surface and bulk of the particles. 

2. Methods 

Commercial Pd/Al2O3, Pd/C and Pd/P4VP samples were pro
vided by Chimet S.p.A. and have been extensively characterized in a 
series of previous works [19,26–28]. Alumina- and carbon-supported 
samples were prepared by a deposition–precipitation using Na2PdCl4 
as the metal precursor (5 wt% Pd with respect to the support) and 
Na2CO3 as the basic agent. The catalysts were pre-reduced by sodium 
formate at 65 ◦C for 1 h, carefully washed with water for complete 
removal of chlorine residues and dried overnight at 110 ◦C. Both sam
ples have the resulting metal loading of 5 wt% with the average particle 
size of ca. 3 nm. In addition, sample of Pd nanoparticles with ca. 1 nm 
particle size on poly-4-vinylpyridine (P4VP) support was used (see 
Section S1 of the Supporting Information). 

In situ Pd K-edge XAS measurements were performed at CLAESS 
beamline of ALBA synchrotron (Barcelona, Spain) [29]. Around 80 mg 
of Pd/A2O3 and 40 mg of Pd/C samples were pelletized and loaded into 
in situ cell (ITQ-ALBA Multipurpose Cell, Fig. S1) allowing for the remote 
control of gas flow and temperature during XAS measurements (for Pd/C 
sample the powder was pressed directly into the sample holder). The 
heating was performed by cartridge heaters implemented in the cell and 
monitored by a thermocouple located inside the reaction zone. Prior to 
every experimental procedure, the fresh sample was taken and activated 
in 50 mL/min flow of 20 % H2/He at 125 ◦C for 30 min and then purged 
by He flow to ensure the initial metallic state of palladium particles. The 
procedure for Pd/P4VP sample is described in Section S1 of the Sup
porting Information. 

XAS spectra were collected in transmission geometry using Si (311) 
double-crystal monochromator operated in the continuous scanning 
mode with averaged measurement time of ca. 1.5 min per spectrum. 
Higher harmonics were cut by collimating mirrors located after the 
monochromator. Beam intensity before (I0) and after (I1) the sample was 
measured by ionization chambers. The third ionization chamber was 
used to simultaneously measure the intensity I3 after the reference 
palladium foil for energy calibration. 

XAS data processing including energy calibration, normalization, 
background removal and first-shell Fourier-analysis were performed in a 
self-written python script utilizing the larch library [30]. The fist-shell 
fitting of the Fourier-transformed (FT) data was performed indepen
dently for each spectrum using the interatomic distance (RPd-Pd), Debye- 

Waller factor (σPd-Pd), coordination number (NPd-Pd) and zero energy 
shift (ΔE0) as fitting variables. The photoelectron backscattering phases 
and amplitudes were calculated by FEFF6 code [31,32]. Principle 
component analysis (PCA) and multivariate curve resolution (MCR) 
were applied to XANES spectra using PyFitIt code [33]. Ab initio calcu
lation of XANES spectra was performed in the FDMNES code [34,35] 
(See Section S3 in the Supporting Information). 

In situ DRIFTS measurements for Pd/Al2O3 sample were performed 
on Bruker Vertex 70 spectrometer equipped with a highly sensitive 
liquid mercury telluride detector. All spectra were recorded in the 
5000–400 cm− 1 range with a resolution of 1 cm– 1 and accumulated for 
1 min. The adsorption spectra were obtained using the Kubelka-Munk 
function. Around 12 mg of sample in the form of powder was loaded 
into the Praying Mantis low temperature reaction chamber (Harrick 
Scientific Products Inc., New York, USA) for DRIFTS measurements 
under controlled temperature and gas flow. The cell was heated by an 
electric furnace. Temperature was measured by the thermocouple 
placed on the outer wall of the microreactor and controlled by the 
Thermodat-17 thermocontroller. An external gas delivery system 
equipped with mass flow controllers (EL-FLOW, Bronkhorst High-Tech 
B.V., Ruurlo, Netherlands) operated by a python script was used to set 
the flows of He, H2, and CO through the cell. Like in the XAS experiment, 
the sample was first activated for 30 min at 125 ◦C in the 50 mL/min 
flow of 20 % H2/He and then cooled down to 50 ◦C in He (50 mL/min). 
The spectrum collected under these conditions was used as a background 
for all the following spectra. The flow was then switched to 5 % CO in He 
with total flow of 50 mL/min and the cell was heated to 330 ◦C with 
ramp of 5 ◦C/min. The spectra were collected continuously with the 
time-step of ca. 1 min. The spectra processing was also performed by a 
self-written python script allowing for reading the Bruker Opus file 
format, subtraction of the background (activated sample before CO), 
automatic detection of the adsorbed CO peaks’ positions and PCA and 
MCR analysis. The details of DRIFTS data processing are given in Section 
S2 of the supporting information. 

3. Results 

3.1. Pd/Al2O3 catalyst upon heating in CO 

Two types of changes were observed in the XANES spectra upon 
heating the Pd/Al2O3 sample in the constant flow of 10 %CO/He 
(Fig. 1a, Figs. S3–S4): (i) a gradual shift of all maxima and minima to
wards higher energies up to 250 ◦C and back to lower energies for higher 
temperatures, and (ii) a broadening of the first maximum at ca. 24.36 
keV towards higher energies. The former effect can be explained by the 
changes in the Pd-Pd interatomic distances which was also observed in 
EXAFS data (vide infra). The latter, indicative for the changes in the 
electronic structure of the unoccupied p-states of palladium, was further 
evidenced in the difference XANES spectra (Fig. 1a and Fig. S4), where 
the peak at ca. 24.37 keV was observed. Similar changes were previously 
reported to be indicative for the Pd-C bond formation during adsorption 
of hydrocarbons and formation of palladium carbides [21,26–28]. The 
PCA analysis of XANES (Fig. S13a) revealed the existence of three in
dependent phases (based on the scree plot and visual comparison of the 
obtained components), and the MCR analysis provided the evolution of 
three independent species (Fig. 1b) with the corresponding XANES 
spectra (Fig. 1c). To appreciate the small changes in the shape of XANES, 
the difference spectra were constructed in the same figure (magnified by 
10 with respect to the pristine spectra) by subtracting a spectrum of the 
pure metallic state of Pd/Al2O3 after activation. A gradual decrease of 
the first component (blue data in Fig. 1b,c) was observed upon heating 
with simultaneous growth of the second one. Both components share 
similar spectral features, however, in the blue one, the changes in the 
near-edge region that resulted in a minimum and a maximum at 24.35 
and 24.37 keV, respectively, in the difference spectra are stronger, while 
in the black one, a bigger difference with respect to the metallic state is 
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observed in the region around 24.38 keV. The appearance and growth of 
the third component were observed above 250 ◦C. This component is 
characterized by a shift of the first peak towards higher energies, 
resulting in a maximum in the difference spectrum at 24.37 eV, and the 
shift of the following peaks towards lower energies, which is associated 
with the increase of the Pd-Pd interatomic distances. 

In FT-EXAFS data, a decreasing peak at ca. 2.5 Å (phase-uncorrected) 
was observed (Fig. 1, parts d and f) corresponding to the first-shell Pd-Pd 
contribution. The fitting performed on the whole dataset explained this 
behavior by the increasing Debye-Waller parameter. This increase was 
linear with temperature in 50–250 ◦C range, and a stronger growth was 
observed above 250 ◦C. The Pd-Pd interatomic distances were first 
decreasing, reaching a minimal value of ca. 2.73 Å at 250 ◦C and then 
increased up to ca. 2.76 Å at 350 ◦C. 

DRIFTS spectra collected under identical conditions were charac
terized by several bands in 1750–1850 cm− 1 range (Fig. 1g and Fig. S9) 
corresponding to the vibrations of the adsorbed CO molecules in addi
tion to the signal of the gas phase CO. All peaks were red-shifted upon 
heating, with the strongest effect observed for the peak originally 
located at 1985 cm− 1 assigned to a bridged CO [36]. The position of the 
latter, highlighted by dashed grey line in Fig. 1g, shifts linearly with 
temperature in the 50–250 ◦C range, and then demonstrates a stronger 
decrease, which correlates qualitatively with the changes observed in 
XANES and EXAFS spectra. As in XANES, MCR analysis was applied to 
obtain the DRIFTS spectra of pure species and their concentration pro
files (Fig. 1h,i). The behavior of the three components is similar to that 
determined for XANES spectra (Fig. 1b), however, the maximum of the 
intermediate one (black squares) is observed at lower temperature 

Fig. 1. Evolution of the experimental data for Pd/Al2O3 upon heating in CO. (a) Difference XANES spectra, obtained by subtracting the spectrum of pure metallic 
state of Pd/Al2O3, concentration profiles (b) and spectra with corresponding difference spectra (c) obtained from MCR analysis. (d) FT-EXAFS data (phase uncor
rected). (e) Refined values of the first-shell Pd-Pd interatomic distances (black diamonds, left axis) and Debye-Waller parameter (blue circles, right axis). (f) FT- 
EXAFS spectra (phase uncorrected), with blue, black and red lines corresponding to 50, 250 and 350 ◦C, respectively. (g) DRIFTS spectra after background sub
traction, concentration profiles (h) and spectra (i) obtained from MCR analysis. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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(around 180 ◦C). This component is also characterized by the relative 
increase of the intensity of the bridge CO vibration in 1950–2000 cm− 1 

region. After heating to 350 ◦C, the intensities of linear (2000–2100 
cm− 1) and bridge CO are decreased, while the hollow one (at ca. 1900 
cm− 1) is preserved comparing to the initial state at 50 ◦C. 

3.2. Pd/Al2O3 catalyst upon heating in CH4 

As in the case of CO, two types of changes were observed in XANES 
spectra in presence of CH4 gas, but the exact temperature ranges for the 
corresponding changes were different. Monotonous contraction of Pd-Pd 
distances from 2.75 to 2.72 Å accompanied by a linear growth of the 
Debye-Waller parameter is observed upon heating up to 350 ◦C (Fig. 2a, 
left side). However, further action of CH4 at 350 ◦C (Fig. 2a, right side) 
resulted in the increase of Pd-Pd distances back to 2.75 Å with the in
crease of the Debye-Waller. Again, three components were observed in 
XANES spectra by PCA analysis (Fig. S7b). The behavior of their con
centration profiles is similar to the case of CO, but the growth of the final 
carbide-like component is observed only at 350 ◦C (Fig. 2b). The exact 
shape of the MCR-components is different from those obtained for CO 
case, which can be also seen by comparing the original experimental 
spectra measured after CO and CH4 exposure at room temperature 
(Fig. S5a), while the resulting state at 350 ◦C is similar for the two 
gasses. 

3.3. Pd/Al2O3 and Pd/C catalysts upon heating in He 

To focus on the contraction of interatomic distances, heating in inert 
atmosphere was performed for alumina (the same as in previous sub- 
sections) and carbon supported catalysts (particle size of ca. 3 nm in 
both samples). A linear decrease of Pd-Pd distances with a linear in
crease of the Debye-Waller parameter (Fig. 3a, solid black diamonds and 
solid blue circles, respectively) was observed for Pd/Al2O3 sample upon 
heating in the whole temperature range. Exactly the same trend was 
obtained for the Pd/C sample for the temperatures up to 200 ◦C (hollow 
black diamonds and blue crosses in Fig. 3a). In XANES data, apart from 
the shift of the second peak at 24.39 keV towards higher energies, 
associated with the decrease of interatomic distances, a slight shift of the 
edge position towards lower energies was observed (Fig. 3b and Fig. S6a, 
data for Pd/Al2O3). For carbon supported sample, heating above 200 ◦C 
induced a sudden increase of interatomic distances not registered for the 
alumina supported one. At the same time the shape of XANES spectrum 
after heating (Fig. S6b) was similar to that of palladium carbide, which 
can be caused by a decomposition of the carbon support. 

4. Discussion 

The presented results allow one to interpret the evolution of palla
dium structure upon external stimuli based on the data from three 
complementary techniques. EXAFS spectra are sensitive to the structure 
of the palladium framework: averaged interatomic distances, Debye- 
Waller parameters, and coordination numbers. XANES spectra are 
affected by both atomic and electronic local structure of palladium 
atoms, including formation of palladium carbides and adsorption of the 
reactive molecules on the nanoparticle’s surface. DRIFTS data reflect the 
morphology of the surface and the electronic state of surface Pd sites by 
monitoring the changes in the vibrational properties of the adsorbed CO 

Fig. 2. Evolution of (a) the first-shell Pd-Pd interatomic distances (black di
amonds, left axis) and Debye-Waller parameter (blue circles, right axis), and (b) 
concentration profiles of three MCR components whose XANES and difference 
XANES spectra are shown in panel (c) (left and right axes, respectively) upon 
heating in CH4 flow. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 3. (a): Evolution of the first shell Pd-Pd interatomic distances (left axis, 
solid and hollow black diamonds for Pd/Al2O3 and Pd/C, respectively) and 
Debye-Waller parameter (right axis, solid blue circles, and blue crosses for Pd/ 
Al2O3 and Pd/C, respectively) and (b): Initial (solid black) and final (dashed 
red) XANES spectra for Pd/Al2O3 upon heating in He. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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molecules. For the discussion below, it is important to consider that for 
the particle size of ca. 3 nm, EXAFS and XANES data are equally sensitive 
to both surface and bulk structure of the nanoparticles. 

4.1. Evolution of CO on palladium nanoparticles 

The data, described in Section 3.1, unambiguously demonstrate the 
extreme efficiency of this multi-technique approach. Starting with 
EXAFS data, whose analysis is the most straightforward, one can high
light the main trends related to the Pd framework. First, is the evolution 
of interatomic distances, which were decreasing upon heating up to 
250 ◦C and then started to increase upon further heating. The former fact 
will be discussed later (see Section 4.3), while the explanation of the 
latter is already possible with the help of the results of XANES analysis, 
which indicate that the increase of Pd-Pd distances is associated with the 
formation of palladium carbides based on the characteristic shape of the 
first XANES maximum. In such a process, carbon atoms occupy octa
hedral interstitial sites of palladium lattice, causing the lattice expansion 
[19,26,27,37–39]. This also explains the behavior of the Debye-Waller 
parameter. Indeed, its linear increase in the temperature range of 
50–250 ◦C, which is above the Debye temperature for palladium [40], is 
in agreement with the correlated Debye model for monoatomic fcc 
system [41] (ignoring the fact of the additional structural disorder due 
to the nanometric dimensions). However, since the EXAFS Debye-Waller 
parameter accounts for both thermal and structural disorder effects, its 
non-linear increase above 250 ◦C should be associated with the latter, 
which can be explained by the incorporation of carbon impurities in the 
palladium lattice. Finally, it should be noted, that the spectra acquired in 
CO at room temperature are already different from the one collected for 
the initial metallic state of Pd/Al2O3 in He (Fig. S5a, blue lines) and 
already demonstrate carbide-like features, which can be explained by 
the sensitivity of XANES data to the surface-adsorbed CO molecules or 
carbon deposits (vide infra). The indirect evidence, that the observed 
shape is affected not only by the adsorbed CO but by mainly by the 
carbon deposits is that the broadening of the first maximum towards 
higher energies, typical for Pd-C bond [17–22], is observed gradually at 
50 ◦C upon exposure to CO (Fig. S11), while the adsorption of CO 
molecules is expected to occur immediately. To further evidence the 
effect of interatomic distances, CO adsorption, surface carbon deposition 
and carbide formation on XANES spectra, theoretical XANES spectra 
were calculated (Fig. S8) for a set of geometries shown in Fig. S2. This 
allows giving a final interpretation of the MCR components shown in 
Fig. 1c as: Pd particle covered by CO and carbon deposits (blue), a 
similar Pd particle but with decreased interatomic distances (black) and 
Pd particle with increased interatomic distances and carbide formed in 
its bulk (red). 

In DRIFTS data, the red shift of CO vibrations, and especially the 
bridge one, indicates that the reduction of surface Pd sites with to Pdσ− , 
which is also reflected in XANES by a slight shift of the absorption edge. 
Finally, formation of palladium carbide, evidenced by XANES and 
EXAFS, together with the decrease of the bridge CO peak in DRIFTS, 
indicate that the disproportionation reaction 2CO → CO2 + C should 
take place [42,43], which is confirmed by the CO2 signal in DRIFTS 
spectra around 2300 cm− 1 (Fig. S10). The difference in the temperature 
evolution of DRIFTS (Fig. 1h) and XAS (Fig. 1b,e) data can be explained 
by the fact, that the disproportionation reaction starts already at low 
temperatures according to the growth of the last (red) component and 
CO2 signal in DRIFTS, while the active formation of the bulk palladium 
carbide according to XANES and EXAFS data starts only at ca. 250 ◦C, 
when the CO2 signal (Fig. S10b) already reached saturated to its 
maximal value. A similar result was reported for Pd/ZrO2 catalyst based 
on thermogravimetric and mass-spectrometry data compared to the ex 
situ XRD data [43]. The disproportionation reaction also explains the 
origin of carbon deposits, which were hypothetically observed in XANES 
spectra. 

4.2. Evolution of CH4 on palladium nanoparticles 

Unlike CO, CH4 shows no interaction with palladium at low tem
peratures, which is evident by its the XANES spectrum which does not 
show the carbide-like features at 50 ◦C (Fig. S5a). This is explained by 
the fact that activation of methane on palladium surface normally re
quires higher temperatures. However, small changes in the edge position 
may indicate a reductive effect of CH4. The main effect observed upon 
heating is the decrease of Pd-Pd interatomic distances as also observed 
upon heating in CO. The three effects observed upon prolonged action of 
CH4 at 350 ◦C, namely the increase of Pd-Pd interatomic distances, in
crease of the Debye-Waller and Pd-C features in XANES, unambiguously 
demonstrate that also in the case of CH4 formation of palladium carbide 
takes place. Comparison of Pd nanoparticles’ final states after CO and 
CH4 (Fig. S8b) gases allows one to assert the same carbide structure in 
both cases. The final interpretation of the MCR components shown in 
Fig. 2c is the following: pure Pd particle (blue), a similar Pd particle but 
with decreased interatomic distances (black) and Pd particle with 
increased interatomic distances and carbide formed in its bulk (red). The 
above conclusions are also confirmed by PCA analysis of different 
combinations of the datasets (Fig. S7). In particular, the addition of the 
series in He (part d) and CH4 (part f) to the series in CO leads to the same 
type of Scree plots since the number and type of expected structures in 
both cases is the same: pure particle, pure particle decreased interatomic 
distances, pure particle covered by CO/carbon deposits, a similar one 
with decreased distances, and palladium carbide. 

4.3. Temperature-induced contraction of interatomic distances 

The contraction of Pd-Pd distances observed upon heating in CO and 
CH4 flow, also takes place during the heating in inert atmosphere for 
both carbon- and alumina-supported catalysts. This indicates that this 
contraction is a temperature effect, which occurred independently from 
the surface chemistry and the type of support (for carbon-supported 
sample, formation of palladium carbide was observed above 200 ◦C 
resulting to the lattice expansion which interfered with the initially 
started temperature induce lattice contraction). To understand this 
phenomenon, one should also consider that the contraction of metal
–metal distances that is normally expected for nanosized particles [44] is 
not observed for palladium samples. The 3 nm particles, investigated in 
this work, in their metallic state after activation have exactly the same 
Pd-Pd distance of 2.74 Å as in the bulk palladium foil. The same was 
obtained for the smaller particles on P4VP support for which similar 
lattice contraction was also observed upon heating in CO and CH4 gasses 
(Figs. S13–S14) but in the latter case to significantly lower values close 
to 2.70 Å, which is consistent with the smaller particle size. In several 
works, such unexpectedly high Pd-Pd distance in the nanosized samples 
was explained by the incorporation of impurities (H, C, N, O) into the 
palladium lattice as a result of the synthetic procedure [45,46]. 
Analyzing extensive number of literature reports, Santos et al. noted, 
that this effect is weaker for the supported samples, probably due to a 
spillover effect of the impurities from the particles to the support [45]. 
Following this idea, one can hypothesize that this effect can be further 
enhanced by the temperature. Our experiment also showed that cooling 
the sample back to 50 ◦C leads to a slight re-gain of the interatomic 
distances, which, however, remain smaller (2.73 Å) than the initial 
values. Another important fact is the reduction of palladium, which was 
confirmed by the shift of adsorbed CO vibration in DRIFTS data reported 
in Section 3.1, and by the edge shift in XANES towards lower energies for 
the sample heated in He (Section 3.3), which can possibly be related to 
metal-support charge transfer and also correlate with the hypothesis of 
spillover. Since the initial state of Pd was already considered as metallic 
Pd0, the state formed upon heating should be assigned to Pdσ− one. 
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4.4. On the stability of surface and bulk palladium carbides 

In a number of previous studies, we showed that hydrogen treatment 
can remove some of the surface adsorbates from palladium nano
particles formed by interaction with hydrocarbons but does not affect 
bulk Pd carbides [18,21,37]. Since the removal of the carbide phase is of 
high potential importance in view of catalyst reactivation, we have 
tested the reversibility of palladium carbide formation in CO and CH4 
atmospheres by treating the samples in oxygen at different temperatures 
and subsequent treatment in hydrogen to reach again the metallic state 
of palladium. For the carbide-like phase formed at 50 ◦C in CO, subse
quent purging with O2 (to remove carbon deposits), He (to purge 
remaining oxygen) and H2 to remove surface oxide at the same tem
perature leads to complete removal of carbide features in XANES spec
trum. For the carbide phase formed in CO at 350 ◦C, the above treatment 
also leads to an almost complete removal of carbide features in XANES, 
however, only after repeating the oxygen treatment at 200 ◦C with 
subsequent reduction in H2, the spectrum became fully identical to the 
initial metallic state. 

5. Conclusion 

This work provides a successful in situ characterization of supported 
palladium nanoparticles under various external conditions by a combi
nation of EXAFS, XANES and DRIFTS spectroscopies, which can be 
further extended to numerous catalytic reactions over palladium 
involving CO. The following structural results were obtained:  

• CO molecules are adsorbed on the surface of palladium and a 
disproportionation reaction with the formation of CO2 occurs 
already at low temperatures, with the saturation of the CO2 signal at 
ca. 230 ◦C.  

• Formation of bulk palladium carbide in the above process starts only 
at temperatures above 250 ◦C. 

• Decomposition of CH4 starts only at 350 ◦C and leads to the for
mation of palladium carbide phase similar to that observed in CO.  

• Unusual contraction of Pd–Pd distances was observed upon heating 
irrespective of the gas atmosphere and the type of support, accom
panied by the reduction of Pd to Pdσ− state.  

• Both bulk carbide and surface carbon deposits can be removed by 
subsequent thermal treatment of palladium particles in O2 and H2 
with the formation of metallic Pd. 

The knowledge of how atomic and electronic structure of palladium 
is affected by CO and CH4 as function of time and temperature may give 
valuable insights on the behavior of numerous catalytic reactions which 
either focus on the direct conversion of CO and CH4 or may have them as 
potential reaction intermediates. 
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