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Abstract

We have performed the first “high-pressure” X-ray photoelectron spectroscopy (XPS) study on the palladium, hydrogen, ananstefin (
2-pentene) system to gain better insight into the hydrogenation reaction. We report here data collected with the use of a Pd(111) single crystal
and a polycrystalline foil. Hydrogenation was observed on polycrystalline foil (RT and 373 K) but not on Pd(111) single crystal, as revealed
by on-line mass spectrometry. We observed the reaction in the presence of a huge amount of carbon (up to 73%) in the information depth of
XPS. Mainly graphite was present on Pd(111), whereas other compo@ehtsand C—Pd, were also formed on the foil to a much greater
extent. C—Pd characterizes a carbon species in the interaction with palladium, whéréhgepresents hydrogenated carbon, including
chemisorbed species. Thieband of the foil showed a remarkable upshift towalgern compared with Pd(111). We concluded that the
differences found in the valence and thes@é&gion are indicators of different electronic structures that contribute to the variation in activity.

The palladium foil lost its activity at an elevated temperature (523 K), most probably because of desorption of hydrogen. From additional
UPS measurements, we concluded tharis-2-pentene is hydrogenateddnbonded chemisorption modus, at least in UHV conditions.
00 2004 Elsevier Inc. All rights reserved.
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1. Introduction higher hydrocarbons. The first hydrogenation model, pro-
posed in 1934, involved stepwise addition of surface hydro-
Group 8 transition metals play an important role in gen too-bonded ethylen{24]. Fifty years lateryr-bonded
heterogeneous catalytic processes. Palladium, as one okthylene was postulated to be the intermediate of hydro-
the Group 8 metals, is widely employed in industrial genation on Pt surfacg®5]. Recent results from in situ
processefl—7], but also in basic resear@®-23], mainly as  spectroscopic methods, namely sum frequency generation,
a hydrogenation catalyst. Its interaction with various gases supported this moddR6]. In recent years the involvement
has been extensively investigated with regard to its cat- of surface hydrogen in hydrogenation has often been ques-
alytic [8-12,14,15,17and surfac¢l3,16,18—-23properties.  tjoned, and the role of subsurface hydrogen has been pointed
Most of the mechanistic studies on alkene hydrogena- gyt by several authofg1,27,28]
tion have focused on the reaction of ethylene. There is little  a|so of great interest is the effect of carbonaceous species
information in the literature about hydrogenation involving present on the catalyst surface during the catalytic reac-
tion. First, carbon was assumed just to block surface sites,
~ " Corresponding author. Fax: +49 30 8413 4676. thus leading to deactivation. Later, however, investigations
E-mail address: teschner@fhi-berlin.mpg.d®. Teschner). of the “coke selectivity” of different hydrocarbon reactions
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attributed the enhanced selectivity of nondegradative trans-several freeze-pump-thaw cycles before the measurements.

formations to the formation of carbonaceous adsorbates thatGas-phase analysis was carried out with a quadrupole mass

prevent the excessive dehydrogenation of the surface inter-spectrometer, which was mounted in the second differential

mediates[29—-35] Various carbon species have been ob- pumping stage of the electrostatic lens system, where the

served on the surface of catalysts, ranging from carbidespressure was 10~ of the pressure in the experimental cell.

to hydrogen-rich aliphatic polymers. The chemical state of = He | UPS (excitation energy 21.2 eV) measurements were

accumulated carbonaceous species on model palladium surearried out in a conventional UHV surface-science chamber.

faces was often a matter of deb§é—40] The majority of trans-2-Pentene was adsorbed to Pd(111) at 100 K. Mul-

these studies were performed ex situ or in UHV conditions, tilayer adsorption was achieved by the introduction of 50

far from real catalytic conditions (pressure gap). Langmuir of t-2-p (ionization gauge sensitivity corrected).
To arrive at a comprehensive understanding of surface Spectra were measured at different temperatures, from a

catalytic reaction mechanisms and to identify the factors that temperature of 100 K increased stepwise to RT.

govern the activity and selectivity of catalysts, the structural HRTEM investigations were performed in a Philips

and surface properties of catalysts should be investigatedCM200 FEG electron microscope operated at 200 keV. The

under real, working conditions. Furthermore, spectroscopic microscope was equipped with a Gatan imaging filter (GIF

and structural characterization should be combined with on- 100) and a Gatan slow-scan camera to enhance the con-

line catalytic reaction analysis. trast in the images. A cross-sectional specimen was prepared
X-ray photoelectron spectroscopy (XPS) is one of the from a piece of Pd foil that was previously used in the in situ

most commonly used surface science techniques; it is veryXPS cell in the hydrogenation of 1-pentyne.

powerful because of its surface sensitivity. In the first part

of our paper we demonstrated the importance of gathering

spectroscopic informations under relevant (if possible non- 3. Results

UHV) conditions. In the present part, we report on the first

“high-pressure” XPS study of the hydrogenation reactionon  As already discussed in Part 1, the palladium samples

palladium (foil and single crystal), that is, the hydrogenation quickly become contaminated by carbonaceous deposits

of trans-2-pentene (t-2-p). The in situ measurements provide right after some cleaning treatments because of the high base

better insight into the hydrogenation reaction. pressure (10’ mbar) in our experimental cell and partly

because of a beam-enhanced carbon accumulation. Never-
theless, under real-life conditions in catalytic reactors, the

2. Experimental surface of the catalyst is most likely never ideally clean, as
it is in UHV surface science studies. Moreover, the surface
For experimental details see Part |. Briefly, sSCPd3/, quickly adapts to the reaction conditions, and the carbona-

and valence band spectra were recorded at normal electrorceous species undergo a massive transformation as pentene
emission. Photon energies #b = 380, 660, and 720 eV s introduced to the gas phase (see later).

were chosen for the excitation of the valence band and the Since the incident X-ray beam only irradiates not only
Cls and Pd3 core levels, respectively. This ensured that the the sample surface but also the gas phase molecules in front
transmission function of the electrostatic lens system did not of the sample, the in situ XP spectra show gas-phase peaks
have to be considered since electrons with the same kineticalongside the surface peaks. The binding energy (BE) scale
energies were analyzed and that similar information depth in our figures is referenced to the Fermi level of the Pd sam-
was probed for PdB Cls, and VB spectra (inelastic mean ples, and therefore the apparent BEs of the gas-phase peaks
free path~ 9-13 A). However, higher photon energies were are shifted by the amount of the work function of the sample
also applied for depth profiling (1160 eV for €linelastic (~ 4.4 eV) relative to literature values, which are conven-
mean free path- 24 A), thus providing information on the  tionally referenced to the vacuum level. Since the vacuum
different surface species along the surface normal. The bind-level of the gas phase depends on the vacuum level of the
ing energies were calibrated against the Fermi level of the surrounding surfaces (especially that of the sample, since
samples. A Pd(111) single crystal and polycrystalline pal- the sample surface is the closest to the detected gas-phase
ladium foil (Goodfellow, purity 99.99%) were investigated volume), changes in the sample work function have an influ-
in this study. (Measurements were also carried out on 1% ence on the gas-phase peak positidig. Small shifts in the
Pd/Al,O3 catalysts, but the highly insulating support caused gas-phase BE position throughout our spectra are therefore
differential charging to such an extent that we were not a reflection of changes in the work function of the sample
able to analyze the data.) The hydrogen arads-2-pentene surface[42]. Fig. 1 shows the C4 spectrum of gas-phase
(t-2-p) gas flow into the reaction cell was controlled with cal- trans-2-pentene. At this point the sample was retracted, so
ibrated mass flow controllers. A mixture of 0.6 mbar &hd that only the gas phase was measured. The spectrum shows
0.2 mbar t-2-p was introduced, and the temperature was var-a clear shoulder at the low-BE side and is asymmetrically
ied in the range from RT to 523 Krans-2-Pentene was sup-  broadened at the high-BE side. The first rough least-squares
plied by Sigma—Aldrich (purity 99%) and was purified by fit revealed that at least four peaks are needed to adequately
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Fig. 1. CI spectrum of gas-phaseans-2-pentenelv = 660 eV. (- -) measured data; (—) adiabatic ionisation; and (- - -) C—H stretching modes.
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Fig. 2. Pentane signal (MS data) in the hydrogenatiotrasfs-2-pentene on Pd foil and on Pd(111), k0.6 mbar) was introduced first followed by t-2-p
(0.2 mbar) at min. 20 (RT). Temperature was increased to 373 K at min. 70 and increased further to 523 K at min. 140.

match the measured curve. The first two, main peaks could0.2 mbar t-2-p was introduced. The sample temperature was
correspond to the adiabatic ionization of the two different increased to 373 K after 70 min and to 523 K after 140 min.
C1s carbon types, in thep® andsp? hybridization states.  We observed catalytic activity for the Pd foil sample already
The other two peaks could be due to vibrational excita- at room temperature. The foil reached its maximum activ-
tions[43]. According to the energy separation and the inten- ity at ~ 373 K. At 523 K the foil was no longer active, as
sity ratios, they could be related to the C—H stretching modes can be seen from a comparison with the amu “62” baseline.
of the sp® carbon atoms with vibrational quantum numbers The pentene response (not shown) also reveals no additional
1 and 2. However, if we consider thatsp¢)—H stretching pathway at 523 K. In contrast to the Pd foil, the Pd(111) sin-
is also present and assume statisticalp@—H,/C(sp?)-H gle crystal showed no measurable activity any temperature,
stretching intensity ratios, the fitting analysis provides the although the apparent surface area of the foil and the single
picture shown irFig. 1 Thesp3/sp? intensity ratio calcu- crystal were comparable. The inactivity of the single crystal
lated from the peak fitting is 57 vs 43%, which is in good is in line with the TDS results of Doyle et §44], obtained
agreement with the expected 3:2 ratio. under UHV conditions.

The hydrogenation of t-2-p over the two palladium sam- Simultaneously with the mass spectrometric analysis, the
ples was measured in our high-pressure XPS setup. Thesurface of the samples was measured by XRs. 3 and 4
pentane MS response is plottedfig. 2 as a function of display the corresponding €kpectra. With pentene in the
reaction time at three reaction temperatures. For both sam-gas mixture we see a new peak to compare with the spec-
ples hydrogen (0.6 mbar) was introduced first. After 20 min tra presented in Part 1. This peak-a86.2 eV corresponds
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Fig. 3. Cls region of Pd(111) single crystal in the reaction mixture of 0.6 mbasHD.2 mbar t-2-p at 3 temperatures (RT, 373, and 523 K). Incident photon
energyiv = 660 eV. (---) measured data; (—) fits. The reason for the different height of the gas phase peak is degejed in
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Fig. 4. CXs region of Pd foil in the reaction mixture of 0.6 mbap H 0.2 mbar t-2-p at 3 temperatures (RT, 373, and 523 K). The spectrum before introducing
the reaction mixture is also included. Incident photon enérgys- 660 eV. (- - -) measured data; (—) fits. The reason for the different height of the gas phase
peak is described if#5].

to the gas-phase spectra asHig. 1 For the sake of sim-  was found on the single crystal, and the dominant part of
plicity, the gas phase was fitted here just by one peak (notthe carbon was also graphiti€£C). When the temperature

as inFig. 1). (Concerning the different height of the gas- was increased the C—H component on the single crystal de-
phase peak, please read paragrf8] in the references.) creasedFKig. 3, curves 2 and 3), until it almost vanished at
For the least-squares analysis the same surface components23 K. An opposite tendency was found for C—Pd. Its abun-
were used as discussed in Part 1, with the three types ofdance was the highest at 523 K, whereas the total amount
carbon carbon connected to palladium (C-Pd; 284.1 eV), of surface carbon was at its lowest at 523 K. These tenden-
carbon connected to carbon (C-C; 284.55 eV), and carboncies are quite similar to the hydrogen and temperature ef-
connected to hydrogen (C—H; 285.2 eV). Similar to the ob- fects presented in Part 1, and consequently the single crystal
servation described in Part 1 for the measurementsa,n H recognizes the presence of pentene rather weakly. In contrast
and high vacuum, in the reaction mixture much less carbon to this, on the foil Fig. 4) the absolute amounts of C—Pd
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Fig. 5. CXs region of Pd foil at higher incident photon energy (1160 eV) in the reaction mixture at 373 and 523 K, compared to the 373 K spectrum taken at
660 eV. (---) measured data; (—) fits.

and C-H were much higher at all temperatures. In addition, a comparison of the Glspectrum excited with 660-eV pho-
the spectrum obtained before the introduction of the reactiontons & KE ~ 370 eV) with measurements obtained with
mixture (1) clearly indicates the thorough transformation of higher photon energy (1160 eV). The inelastic mean free
the carbonaceous deposits. From RT to 373 K (when the path for 370-eV KE electrons in Cis 13 A, and for 870-eV
activity increases), C—H becomes slightly higher and C—Pd electrons kv = 1160 eV) it is about 24 A446]. A compari-
slightly lower. Interestingly, the Giregion (at an excitation ~ son of the 373 K spectra shows that the C—Pd component is
energy of 660 eV) reveals no changes coming from 373 to higher and the C—H component is lower at higher incident
523 K, although the catalytic activity disappears. No addi- photon energy, meaning that the C—H component is situ-
tional carbonization occurs that might give rise to activity ated above the C—Pd component, with the C—C component
loss. However, a comparison of the foil with the single crys- in the middle. This indicates that C—Pd is located partly in
tal shows that the foil in the reaction mixture does not follow the palladium surface and in the subsurface region, in good
the tendencies observed for hydrogen. No disappearance oigreement with the suggestions in Part 1. The distribution of
C-H and no increase in C—Pd were obtained. Please noteghe Cl species supports our €peak assignment as well.
as well that the total carbon content of the foil was rather At higher photon energy the surface sensitivity decreases,
high (~ 70%). A very rough calculation of one monolayer of that is, the total carbon/palladium ratio is reduced (C%: 73
carbon on palladium would give about 45% carbon content vs 61%). Comparing the two upper spectraFig. 5 (hv
for the applied excitation energy, assuming an exponential 1160 eV at 373 and 523 K), we do see some minor dif-
decay of information with depth. Therefore, as a first approx- ferences between the active (373 K) and inactive (523 K)
imation, we can consider a full surface coverage; however, states of the sample (there was no difference when we used
the situation is far more complex, since the relative position 660-eV excitation; se€ig. 4). At 523 K the C—Pd compo-
of carbonaceous species (3D islands, on/in/sub-surface) andient is more pronounced, which indicates that the interaction
their abundance would drastically affect and complicate the of palladium and carbon is stronger.
calculation. Fig. 6 depicts the valence band of the Pd foil and the sin-

The corresponding Pd3spectra in the reaction mixture gle crystal at 373 K, in the reaction mixture, that is, when
(not shown) reveal a very similar pattern, as already dis- the foil had its highest activity and the single crystal was in-
cussed in Part I. (The fitting analysis supplied no clean sur- active. Thed-band of the foil is distinctly narrower and its
face palladium, and the spectra were thus fitted by two com- center is shifted toward the Fermi edge when compared with
ponents, bulk palladium and adsorbate-induced surface Pd.Yhe single crystal. This change in the electron density in the
The tendencies here are similar to those found for the experi-valence region might contribute to the presence or lack of
ment in pure hydrogen, where the surface-related componenicatalytic activity of palladium.
decreased with increasing temperature. This effect was more
dominant on the Pd(111) single crystal than on the foil.

One of the essential advantages of using a synchrotron ast. Discussion
an X-ray source is the opportunity to vary the incident pho-
ton energy and hence the KE of the photoelectrons. This al- The hydrogenation ofrans-2-pentene was investigated
lows us to perform depth-profiling experimenfsy. 5gives with high-pressure XPS. In the previous section we showed
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sure to just some Langmuir of Hpopulates the available
surface and subsurface sites to such an extent that the in-
activity of the single crystal under mbar conditions cannot
be caused by the lack of a particular hydrogen type. (Both
of our samples were exposed to hydrogen before the intro-
: duction of t-2-p.) Since we performed the same measure-
ments with the same hydrogen pressure and temperature on
both samples, we believe that it is not hydrogen availabil-
ity that causes the difference in the catalytic activity of our
samples. In addition, the higher carbon content on the Pd
foil might represent a higher energetic barrier for hydrogen
' : ‘ : entering the foil compared with Pd(111). A major differ-
12 10 8 6 4 2 0 -2 . .
Binding Energy (eV) ence is found in the valence band spectra of the samples,
where the active Pd foil shows an upshift of itshand—
Fig. 6. Valence band spectra of Pd(111) (- - -) and Pd foil (—) in the reaction reg|ative to thed-band center of Pd(111)—towarBr. The
mixture (0.6 mbar K+ 0.2 mbar t-2-p) at 373 K. reasons for thel-band shift could be variations in the elec-
tron density caused by morphological changes (reduced Pd
that whereas the single crystal was inactive at all the temper-coordination) and the interaction of palladium with nonstoi-
atures applied, the polycrystalline foil was active already at chiometric species such as carljaf,52,53] As was shown
room temperature, with a maximum activity at 373 K and a before[54-56] the position of the/-band center can be cor-
loss of activity at 523 K. In the Glregion we found different  related with the chemisorption strength of an adsorbate and
types of carbonaceous deposits, as was discussed in Part therefore with the reactivity of the system. Other differences
and the t-2-p gas-phase peak was also observed. Photonbetween the foil and the single-crystal sample are their abil-
dependent depth profiling supported the assignment of theities to interact with carbon, to hydrogenate surface carbon,
Cls peaks to different carbon species. Rather remarkably, and to maintain the hydrogen-rich (chemisorbed) state. This
the total carbon content of the active sample was 70-80%,can be concluded from the higher absolute amount of C—Pd
but only half of that was observed on the inactive single and C-H components on Pd foil in a gaseous atmosphere
crystal. The amount of graphitic deposit was just slightly as compared with the single crystal. As the C—Pd compo-
(x1.1-1.6) higher on Pd foil compared with single crystal. nent was assigned to in/subsurface carbon, the much higher
On the other hand, C—Pd and C—H were much more abun-C—-Pd component on the foil would indicate a much stronger
dant «4-10) on the foil. The hydrogen coverage and the distortion of the palladium lattice (see next paragraph). In-
amount of solved hydrogen should be on the same orderteraction of the palladium with carbonaceous entities that are
of magnitude for the two samples. According to the palla- not directly involved in the main reaction can perturb the ini-
dium/hydrogen phase diagrg#i7,48], the samples at room tial (inactive) state and change the dehydrogenation strength
temperature should be in the hydride phase. At 523 K,  of Pd and thus promote a modified chemisorption strength
however, the hydrogen concentration on the surface and inof t-2-p. We think that the/-band position and the different
the bulk (subsurface) should dramatically decrease. ability to interact with carbon are interconnected, and there-
In what follows we attempt to answer three questions: fore both are indicators for the activity.
What causes the different activities of foil and single crystal?  To understand more complex (selective) hydrogenation,
What contributes to the observed activity difference at differ- our intention was to increase chemical complexity step by
ent temperatures on the Pd foil? How does t-2-p chemisorbstep, starting from a single hydrogenation (t-2-p) and then
on palladium? moving toward systems with multiple functionalities. As a
Doyle et al.[44] investigated t-2-p hydrogenation under second step, 1-pentyne was used because of the possibility of
UHV conditions by TDS on thin film-deposited Pd nanopar- partial and total hydrogenation. In a forthcoming pajaéfi
ticles and on Pd(111). The authors found pentane desorptionwe will give a detailed report of that study, with a focus on
only on the nanoparticles and not on Pd(111). It was con- the morphological changes observed with the palladium foil
cluded that the accessibility of subsurface hydrogen shouldthat was removed from the experimental cell after the re-
be the key parameter governing the hydrogenation. Hydro- action. In that system, we also observed by XPS very high
gen/deuterium TDS measuremefit8,35,49-51pn differ- carbon content, which apparently did not cause any activ-
ent palladium surfaces reveal a rather general pattern fority decrease. A representative HRTEM image is shown in
hydrogen species, with differences on the order of a fac- Fig. 7. The high-resolution imaging of the “postreaction” Pd
tor of 2-10 in the ad(ab)sorption capacity. The presence surface revealed in numerous places graphitic structures of
or absence of different hydrogen species was mainly gov- up to 10 or 12 graphene layers directly on the Pd surface.
erned by the amount and temperature of hydrogen exposurelhe graphitic nature is confirmed by the (002) lattice fringes
and the prehistory of the samples. Introduction of a macro- of the graphene layers with spacing of 0.335-0.355 nm. In
scopic amount (mbar) of hydrogen, in contrast to the expo- a very few cases weaker (100) and (102) graphite lattice
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Fig. 7. High resolution TEM image of a Pd foil taken out of our in situ from the, slightly hl,gher C-Pd Compf’nem at 5,23 K (as com-
XPS set-up. The sample was used prior the microscopic investigation in the Pared with 373 K) in the depth profiling _eXpe“meﬁtg-_ 5)
hydrogenation of 1-pentyne. The C—H component at 523 K was still observed, indicat-
ing no strong dehydrogenation of the chemisorbed overlayer

fringes were also detected, indicating a higher degree of (N0 loss of hydrogen from carbon). We conclude that under
graphitic order in small regions. On the left side (111) lattice this condition chemisorbed t-2-p is still present on the sur-
fringes of the Pd surface are clearly visible. (Note that the face, and therefore at higher temperatures the availability of
sample was the same type of palladium foil as was used inactive hydrogen is rate limiting.
the trans-2-pentene study.) Pd (111) lattice fringes near the ~ Regarding our third question about the chemisorption
surface seem to be expanded by a few percent in compari-geometry oftrans-2-pentene on palladium, we performed
son with Pd bulk values. This expansion can be explained by UPS measurements of adsorbed t-2-p on Pd(lttd)s-2-
carbon incorporation into the palladium lattice. This incor- Pentene was adsorbed on Pd(111) at 100 K. Multilayer ad-
porated, subsurface type of carbon would fit very well with sorption was achieved with 50 Langmuir of t-248id. 8
the C—Pd XPS feature and would indicate that a certain de-Upper curve). The UPS spectrum of the multilayer is similar
gree of lattice distortion is needed to create active centers forto the gas-phase spectrumiadns-2-buteng58], showingr
hydrogenation reactions. ando contributions (no gas-phase UPS of t-2-p is available
We will now discuss the effect of temperature on the cat- in the literature). Because of strong desorption in the temper-
alytic activity of the Pd foil Fig. 2). The Pd foil was active ~ ature range of 100-160 K, only a chemisorbed monolayer
at RT,; its activity increased at 373 K and vanished at 523 K. was present a' > 160 K. A TDS measurement by Doyle
Since we observed no additional reaction path at 523 K andeét al. [44] reveals molecular desorption from the weakly
no further carbonization, the blocking of active centers by bound multilayer at- 130 K and desorption from-bonded
carbonaceous species can be ruled out as a possible explangpecies at~ 170 K. In addition, a third peak~ 270 K)
tion for the deactivation at 523 K. Palladium was most likely was also present, correspondingtdonded pentene mole-
in « phase at RT47,48] and as the temperature increased cules. In our experiment we observed no changes in the UPS
the reaction rate increased (Arrhenius term) as long as hy-spectra up to 220 K; thus we believe that the species cor-
drogen was available. TDS measurements made on differentresponding to the second TDS peak in Hé#] (assigned
palladium surfaceg0,35,49-51fhow hydrogen desorption  to z-bonded t-2-p) is also desorbed. However, the spectra
mainly in the temperature range of 150-400 K, depending on of the chemisorbed species were rather comparable to the
the initial exposure temperature. The hydrogen partial pres- physisorbed t-2-p, indicating no dramatic alteration of the
sure in our experiment (0.6 mbar in the presence of 0.2 mbarmolecule during chemisorption. As the multilayer desorbs
pentene) might not be high enough to populate at elevatedthe palladiumd-band evolves and overlaps strongly with
temperature the available ad(ab)sorption sites, and thereforghe = orbital of t-2-p. This overlap makes it difficult to un-
the Pd/C/H equilibrium shifts toward the energetically more ambiguously identify the presence of theorbital in the
favorable carbon-palladium interaction. This can be deducedoriginal spectra. However, the use of difference spectra can
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clear up this question. At 220 K the UPS spectrum changed
dramatically as ther orbital and some contribution from
the o/t (CH3) region were removed (160 to 220 K curve).
Furthermore, the difference spectrum (160—200 K) clearly
indicates that the orbital is present up to 200 K. From this
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we conclude that t-2-p changes its chemisorption modus at [6] R.B. Anderson, K.C. Stein, J.J. Feenan, L.E.J. Hofer, Ind. Eng.

~ 210-220 K. The combination of UPS and TIP#&!] re-
veals that, as the-bonded molecules desorb, there is still
o-bonded t-2-p on the surface. Thebond is intact; there-
fore the chemisorption occurs via with the loss of hydrogen
(probably in position 2 or 3). At~ 220 K the molecule
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