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Calibration of the X-Ray Photoelectron Spectroscopy
Binding Energy Scale for the Characterization of
Heterogeneous Catalysts: Is Everything Really under

Control?

Marc Jacquemin,® Michel J. Genet,” Eric M. Gaigneaux,” and Damien P. Debecker*®

Investigations of X-ray photoelectron spectra from solid sam-
ples need corrections for the surface charging effect. For
powder samples such as heterogeneous catalysts and their
supports, the C—(C,H) component of the C1s peak is often
used as an internal standard for the calibration of the binding
energy scale. Although this method is widely recognized as
suitable for the study of heterogeneous catalysts, we show
that a significant calibration bias can be encountered upon
comparing samples with different bulk composition. In this
paper, a series of SiO,-Al,O; supports and Pd/SiO,—-Al,O; cata-
lysts with various Si/Al ratios were studied. The spectra issued

1. Introduction

Heterogeneous catalysis is based on reactions that occur on
active sites located at the surface of solids. The study of mate-
rials surface is thus essential for the understanding of their
properties and for the development of high-performance cata-
lytic materials. In particular, X-ray photoelectron spectroscopy
(XPS) is a powerful technique for the identification and quan-
tification of elements that are present at the surface of solids."
Determining the XPS binding energy (BE) of peaks characteris-
tic of the catalytically active elements helps to reveal their oxi-
dation state and to correlate this information with the catalytic
performance.” XPS also helps to describe the dispersion of an
active phase on a support. In metal nanoparticle based cata-
lysts, for example, in the case of Pd-based catalysts, the BE of
Pd photoelectrons was shown to be linked to the size of the
nanoparticle, which itself controls the catalytic activity.”
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from these samples were processed with the classical calibra-
tion method on the basis of the carbon peak. Important dis-
crepancies in the relative position of the photoelectron peaks
were noticed. After systematically discarding instrument-relat-
ed issues, a true chemical influence of the bulk matrix on the
analyzed surface species was evidenced. The extent of this
chemical effect was dependent on the composition of the
sample and more precisely on its ionicity. Two possible mecha-
nisms for this chemical effect were proposed and discussed. Fi-
nally, an alternative calibration method was offered.

If using XPS, the determination of the exact BE of each re-
corded peak is thus a crucial step. The analyzer measures the
kinetic energy (KE) of the detected electrons and deduces their
BE as the difference between the energy provided by X-ray ir-
radiation (hv) and the KE, corrected by the spectrometer work
function (@) and the surface charging effect (E) [Eq. (1)]. The
@ term represents the work required to bring an electron from
zero attraction by the sample (Fermi level) to the entrance of
the energy analyzer. This term is constant for a given spec-
trometer and can be quantified by a specific calibration by
using a clean gold sample as a reference.” The value of E, is
generated during the analysis: as photoelectrons are ejected,
a positive charge builds up at the surface of the sample and
shifts the KE scale.

BE = hv—KE—d—F, (1)

As this phenomenon is sample dependent, E. has to be de-
termined for each sample. Provided this charging reaches
a stable value, and with the help of an appropriate reference
(see below), a calibration can be applied to correct for the sur-
face charging effect.

One fundamental and practical aspect of XPS that must be
predicted, understood, and mastered is the charging effect, es-
pecially at the surface of insulating or complex surfaces.” First,
E. needs to be stable over the analysis time. Second, it must
be the same on the different components of the complex sam-
ples. In particular, the positive charge developed at the surface
of the sample must be the same as the positive charge on the
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component that is used as the standard; otherwise, the calibra-
tion will be clearly biased (differential charge). One method to
avoid fluctuations and to stabilize this charge over the entire
surface of the sample is to send a flow of low-energy electrons
to the surface through an electron flood gun or a charge neu-
tralizer. These electrons overcompensate the charging effect
by imposing a stable negative potential. The value of E, there-
fore, becomes negative but constant. However, in the case of
complex samples containing both insulating and conducting
components, this compensation is sometimes not uniform and
a differential charge can still be observed.” That is, the con-
ducting component gets rid of the negative charge sent to the
surface, whereas the insulating component is kept at a more
negative potential. To overcome this problem, the sample can
be isolated from the earth (by using a ceramic sample holder
for example) to impede electron conduction and to ensure
that all components of the sample are at the same potential.

If the surface charge is indeed stable and uniform, one can
use the known BE of one element to calibrate the whole BE
scale. A gold coating is often used to that end, for example, in
the study of films. However, this strategy is not convenient in
the case of powder samples such as heterogeneous catalysts
due to the roughness of the surface of the samples.*” The
practical alternative is to use the carbon that is contaminating
the surface of all the samples as an internal standard. This
carbon overlayer comes from the adsorption of organic com-
pounds from the atmosphere or from the spectrometer
vacuum chamber.” It is in intimate contact with the catalyst
and is thus considered as a good reference. Generally, the
energy scale is calibrated so that the C—(C,H) component of
the C1s photopeak is fixed at the widely accepted value of
284.8 eV. In the “heterogeneous catalysis community”, this cali-
bration method is reputed as acceptable and has been gener-
alized for many years® It is actually fully relevant if similar
samples are analyzed and compared (e.g. the same catalyst
after different thermal treatments, similar formulations with or
without dopant, nanoparticle-based catalysts with different dis-
persion values but deposited on the same support, etc.).

However, in the present paper, we show that even under
the most controlled and favorable analysis conditions, a bias
can be encountered if one uses the contamination carbon as
an internal standard for a panel of samples with markedly dif-
ferent bulk compositions.

2. Results and Discussion

Silica—aluminas (SiO,-Al,O;) are highly important as catalyst
supports in various industrial processes. SiO,-Al,0;-supported
catalysts are used in a broad range of important chemical reac-
tions, including olefin metathesis (MoQ,/Si0,~Al,0,),® hydro-
cracking  (Ni-W/SiO,-Al,0,),”) nitrosation of cyclohexane
(Co;0,/Si0,-Al,0,),"" ammoxidation (V,0s~Mo0;-P,04/SiO,-
Al,0; or Te0,/Si0,~Al,0,),"" and hydrodesulfurization (HDS) of
gas oil (Ni-Mo-S/Si0,-Al,0,)."? Pd/SiO,-Al,0, formulations are
well recognized for hydrogenation reactions" and methanol
synthesis." Herein, we studied a range of Pd/SiO,-Al,O; cata-
lysts as representative examples of important catalytic systems.
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We chose to vary the composition of the silica—alumina matrix,
and we discuss the impact of this composition on the issue of
XPS BE calibration.

2.1. Experimental Observations and Identification of the
Problem

Figure 1a-e present the evolution, as a function of the SiO,
content, of the binding energies of the C1s [C—(C,H) compo-
nent], O1s, Si 2p, Al2p, and Pd 3d peaks for two spectrometers
upon fixing the C—(C,H) component of the C1s peak at
284.8 eV as the BE reference (Figure 1a). Upon increasing the
SiO, content of the samples, a progressive shift to higher bind-
ing energies was observed for the O1s, Si2p and Al2p peaks.
The shift was almost linear upon increasing the silica content
from 10 to 75%. Pure silica slightly steps out of this trend,
with a larger shift. These tendencies were observed for both
the bare supports and the catalysts (support+Pd impregnat-
ed). The same observation was made for both spectrometers
(a Kratos Axis Ultra spectrometer and a SSI X-probe (SSX 100/
206) spectrometer ; see experimental section), that is, for both
insulated and grounded sample holders. In the series of silica—
alumina and Pd/SiO,-Al,O; samples investigated, with various
Si/Al ratios, the Si2p BE ranges between 102.4 and 104.5 eV,
the Al2p BE ranges between 74.5 and 75.5 eV, and the O 1s BE
ranges between 531.5 and 533.5 eV. Thus, the energy gap be-
tween the position of the C—(C,H) component and the position
of the constituent elements of the inorganic substrate varies
with the composition of the silica-alumina supports. These
shifts can be considered substantial and their origin is far from
evident. Note that the Si2p peak is expected near (103.4+
0.2) eV regardless of the composition of the silica-based mate-
rials."™ The Al2p peak of alumina and silica—alumina is expect-
ed near (74.540.2) eV."™

A priori, XPS BE shifts for a given element are related to
modification of the valence state or to differences in the chem-
ical environment of the element. For Si, Al, and O, only one va-
lence state is expected regardless of the composition of the
sample (variation of the Si/Al ratio). The progressive replace-
ment of Si atoms by Al atoms, as the alumina content increas-
es, can be considered as a variation of the chemical environ-
ment, which could, in principle, induce BE shifts. For example,
marked differences in electronegativity between the constitu-
tive elements of a solid are sometimes responsible for shifts in
the BE: a very electronegative element makes its direct neigh-
bor atoms more electron deficient and shifts its BE to higher
values. This is not the case here, as the difference in electrone-
gativity between Si (1.90) and Al (1.61) is small. Moreover, in
the case of such an effect, the BE of both elements should
evolve in opposite directions. As Al is less electronegative than
Si, the blending of both oxides should result in a lower BE for
Si and a higher BE for Al relative to the BE of the pure oxides.
This was not observed here (Figure 1c and d). All three peaks
(Al2p, Si2p, and O1s) shift together in the same direction.
Thus, the interactions between the Si, Al, and O atoms seem
to remain constant if the Si/Al ratio changes. The progressive
spread between the position of the C—(C,H) component of the
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C1s peak and the positions of
the elements of the support re-
veals a different behavior be-
tween C on the one hand and
the inorganic matrix on the
other hand.

In  Pd-based catalysts, the
Pd3d;, BE is about (336.3+
0.2) eV, as excepted for Pd/
SA100 in which the Pd3d;,, BE is
337.2eV  (Figure 1e). These
values indicate that the oxida-
tion state of palladium is
+2,15278 35 expected, as the
final step of the catalysts synthe-
sis is calcination in air. As such,
the XPS results show that the
Pd3d;,, BE is rather stable in the
series of samples studied, and
thus appears to be independent
of the composition of the sup-
port. One should keep in mind,
however, that the size of the Pd
particles is highly affected by the
composition of the support: Pd
is better dispersed if the material
contains more Al (Table 1). Thus,
the mean particle size (D,) de-
creases as the SiO, content de-
creases. No linear correlation be-
tween the size of the Pd particle
and the specific surface area
(SSA) could be established. The
XPS results, as they are present-
ed in Figure1e [if C—(CH) is
used as the reference], indicate
that the Pd3d;, BE is not mark-
edly affected by the mean size
of the Pd particles. This is in con-
tradiction with previous litera-

Figure 1. Evolution of the BE of a) the
C—(C,H) component of the C1s peak
and of the b) O1s, c) Si2p, d) Al2p, and
e) Pd3d;,, peaks by using the C—(C,H)
component of the C1s peak set at
284.8 eV as the reference for the BE
scale. Evolution of the BE of f) the C—
(C,H) component of the C1s peak and
of the g) O 1s, h) Si2p, i) Al2p, and

j) Pd3ds,, peaks by using the Si2p peak
set at 103.4 eV as the reference for the
BE scale. Open symbols are used for the
data recorded with the Kratos spec-
trometer and the closed symbols are
for the data recorded with the SSI spec-
trometer. (m, 0) SAX supports; (A, 2)
Pd/SAx catalysts. The error in the bind-
ing energies is around 0.1 eV (see the
Supporting Information).
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(Dy) measured by CO chemisorption for the catalysts.

Table 1. Carbon surface concentration of the supports and catalysts measured by XPS with SSI (C) and
Kratos (Cy,) spectrometers, SiO, at the surface of the supports measured by XPS with the SSI spectrometer, spe-
cific surface area (SSA) for the supports measured by N, physisorption, and mean size of the palladium particle

cally results in poor spectral res-
olution and/or peak distortion.!"”

Table 2 presents the values of
the charging potential obtained
on both spectrometers for all of

Sample Support Catalyst

SiO, surface SSA Ces Ce Ces Ce D, the samples. The E. values ob-

[wt %] m?g~"] [%] [%] [%] [%)] [nm] tained with the SSI spectrometer
SA10 8.5 316 16 58 100 50 9 are relatively high and are con-
SA30 293 340 83 9.7 8.8 49 13 stant from one analysis to the
SA50 51.1 200 5.8 4.1 5.8 3.7 14 other. Contrarily, the charging
SA75 76.7 152 6.3 3.3 4.0 2.7 23 . .

ff ined with the Kr

SA100 100.0 429 2.6 1.0 3.7 15 27 effect obtained with the Kratos

spectrometer evolves from one

[a] Deduced from molar elemental concentrations measured with the SSI spectrometer.

sample to the other. The analy-

ses were not conducted at the
same time on the Kratos instru-

Table 2. Charging term calculated and the total photoemitted electron counts for each analysis. The total
counts represent the surface under the general spectrum between 0 and 1300 eV.

ment [several months separate
the analysis of the supports and
the analysis of the catalysts

Sample SSI spectrometer Kratos spectrometer
Support Catalyst Support Catalyst (+SA30)], and we observed that
E. Electron E. Electron E. Electron E. Electron the value of E. was also depen-
[eV] counts [eV] counts [eV] counts [eV] counts dent on the experimental condi-
SA10 109 1622255 10.9 1236025 0.9 1867457 1.8 1747190 tions.
SA30 1.1 1478571 11.0 1337635 1.8 2200181 1.6 1949879 Therefore, on the one hand,
SA50 11.0 1298724 11.0 1061600 0.9 2012159 24 1641938 .
SA75 109 1776927 109 1123877 08 1968924 28 1043011 | the SSI spectrometer provides
SA100 1.1 1368826 1.3 1046657 10 2589426 24 2068792 | a set of data with excellent

ture reports that demonstrate the size dependence of the core
level BE in Pd and PdO nanoparticles.?”

The SiO, content at the surface of the supports was checked
by XPS with the SSI spectrometer (Table 1). The surface compo-
sition appears very close to the bulk composition.

2.2. Assessment of the Experimental Conditions
2.2.1. Surface Charge Stabilization

During XPS analysis, the sample surface acquires a positive
charge as a result of the emission of photoelectrons. To avoid
fluctuation of this analysis-induced potential, charge overcom-
pensation is imposed either by a flood gun (SSI instrument) or
by a combination of an electron source and a charge-balance
plate (Kratos instrument). The sample surface is thereby stabi-
lized at a negative potential. This displaces the whole photo-
electron spectrum towards lower binding energies. The differ-
ence between the apparent BE observed before calibration
(Ep*) and the theoretical BE of a given peak [E,; for example,
284.8 eV for the C—(C,H) component of the C1s peak] is called
the charging term (E,) [Eq. (2)]:""®
E, =E —E,, (2)

Calibration simply consists in shifting back the spectrum so
that the reference peak is at its expected position. Clearly, if
the charge compensation evolves with time during the analysis
of one sample, the calibration will be erroneous, and this typi-

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

charge compensation that is uni-
form for all samples. On the
other hand, the Kratos spectrometer provides a set of data
with variable charge compensation. Actually, this would only
cause a problem if E_ varies during the analysis of a given
sample, but as long as E, remains stable during the analysis of
one sample, regardless of its value, the calibration procedure
should shift the whole spectrum back to its normal position.
Indeed, after calibration, both spectrometers provided similar
BE values for all elements (Figure 1). Additionally, no peak dis-
tortion was observed, and the full width at half maximum
(FWHM) values were not affected by variations in E.. Thus, the
charge stabilization was not incriminated in the variable
energy gap between the positions of the C—(C,H) component
of the C1s peak on the one hand and the Si2p, Al2p, and O 1s
peaks on the other hand.

2.2.2. Amount of Surface Carbon and Total Count of the
Photoemitted Electrons

The concentrations of adventitious carbon on the samples in-
vestigated are given in Table 1. These concentrations tend to
be higher for measurements performed with the SSI instru-
ment because the depth analyzed was smaller than that in the
analyses realized with the Kratos instrument. Indeed, 1) the
angle of analyses with respect to the sample normal was
higher (55 vs 0°) and 2) the acquisition time was longer for
measurements with the SSI spectrometer, and thus the accu-
mulation of contaminants was higher. Table 1 also reveals that
the carbon contamination tends to decrease as the silica con-
tent increases. This trend is classically observed for silica—alumi-
na. Additionally, the nature of the carbon contamination on
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Figure 2. Superposition of the C1s peaks recorded on SA30 (-+-+) and
SA100 (—) supports by using the SSI spectrometer after subtraction of the
background. The intensity scale was adjusted so that the peak maxima coin-
cide with each other. The C1s peaks of SA10, SA30, and SA75 are similar to
that of SA50 (see Figure S1 in the Supporting information).

pure silica was slightly different from that on the other sup-
ports (Figure 2). The proportion of COO (between 288.8 and
289.3 eV) and C—O (286.3 eV) species was lower than that in
silica—alumina."™

There, one could see a correlation between the evolution of
the C surface concentration and the evolution of the spread
between the BE of the C—(CH)
component of the C1s peak and
the BE of the constitutive ele-
ments of the inorganic substrate e
(Si2p, Al2p, O1s). Even if both
the X-ray energy source and the
operating parameters of the
charge stabilization devices are

carbon layers. Here, even if the carbon surface concentration is
not constant, it remains relatively low. If we consider that the
contamination homogeneously covers the sample surface, the
thickness of the contamination layer is also low. Consistently,
we found no correlation between the C surface concentration
and the total photoelectron counts or the charging term (Fig-
ure S2-S5 in the Supporting Information). The evolution of the
BE of the Si2p, Al2p, and O1s peaks with respect to the posi-
tion of the C1s peak is thus not explained by these slight dif-
ferences in C surface concentrations. It should logically find its
explanation in relation with the actual chemical nature of the
samples under study.

2.2.3. Effect of the Inorganic Matrix on the Carbon Layer

The only reasonable explanation for the problems outlined
above is linked to unreliable energy scale calibration on the
basis of the position of the C1s peak. We suspected that the
interactions between adventitious carbon and the substrate on
which it is deposited are not constant in the series of silica-
alumina-based samples investigated here (Figure 3). These in-
teractions would in turn account for shifts in the actual BE of
the carbon atoms. Clearly, upon calibration, all C1s peaks are
set to their “normal” position [i.e. C—(CH) component at
284.8 eV], but the other elements would be shifted relative to
their expected positions. Such an effect of the interaction be-
tween the sample and the adventitious carbon, which affects

(A) Extra-atomic relaxation energy effect on the C photoelectrons

e X-ray

Extra-atomic
relaxation

$i0,-Al,0,

maintained constant (which is
the case for both spectrometers),
the charging term can still be in-
fluenced by the total count of
the photoelectrons emitted.””
The latter is logically affected by
the thickness of the carbon over-
layer. Indeed, the photoelectron
cross-section of C is low relative
to the photoelectron cross-sec-

More covalent

High SiO;
content

High relaxation energy

(B) Differential charge between the C layer and the inorganic matrix

$i0,-Al,0,

2 Adventitious

More ionic Carbon

Low relaxation energy

@ Pdnanoparticle

Silica-alumina
S support
Negative charge

—W> Conduction of e

~ content

tion of O, which is the main con- More insulating
tributor to the total count in
such oxides. Thus, the total
count obtained from a surface
with a thick layer of adventitious
carbon is lower than that ob-
tained from a “clean” surface.”"
However, such correlations be-
tween the thickness of the
carbon layer and the charging
effect have been established for
flat surfaces with relatively thick

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Large differential charge

More conducting
Small differential charge

Figure 3. View of the possible effects of the inorganic matrix on the C1s BE. The scheme depicts the situation for
silica-rich samples (left) and for alumina-rich samples (right). a) Effect described by Kohiki and Oki?*® on the basis
of the fact that the inorganic support provides extra-atomic relaxation energy to the photoelectrons emitted from
C atoms in adventitious carbon. The energy provided by the more covalent silica-rich supports is higher than the
energy provided by the more ionic alumina-rich support. This extra-atomic relaxation energy is symbolized by ver-
tical wave arrows with different sizes and thicknesses. b) Effect based on a differential charging of the adventitious
carbon versus the inorganic support. In alumina-rich samples (good conductivity), the adventitious carbon and
the inorganic matrix underneath are at the same negative potential (3~ 7). The large and thick horizontal wave
arrow indicates that the electron transfer between surface carbon and the inorganic support is effective. In silica-
rich samples (less conducting), the adventitious carbon is maintained at a negative potential (0~ ~) but the transfer
of electron towards the underneath inorganic matrix is less efficient (small and thin horizontal wave arrow) and
the latter is thus maintained at a less negative potential (67).
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the C1s BE, can be explained in two ways: extra-atomic relaxa-
tion energy and differential charging of the carbon contamina-
tion.

Extra-Atomic Relaxation Energy™®?

Organic molecules, whether adsorbed on a solid sample or
free in the gas phase, can undergo photoemission under the
XPS analysis conditions. In the case of adsorbed molecules,
however, the BE is lowered by the extra-atomic energy that
arises through polarization of the support valence electrons
and screen the adsorbate hole state.”?” This effect is symbol-
ized in Figure 3a. The extra-atomic relaxation mechanism is
not the same for ionic and covalent materials. The screening
effect in covalent materials is important because the extra-
atomic relaxation can take place through the bonds that are
polarized. The phenomenon is hampered in ionic materi-
als.2 2 Here, if the bulk SiO, content increases, the bond ion-
icity in the samples decreases.” Indeed, the Si—O bond is sig-
nificantly more covalent than the Al-O bond. Thus, if the SiO,
content increases, ionicity decreases and extra-atomic relaxa-
tion takes place more effectively. As a result, photopeaks from
adsorbed carbon species are expected at a lower BE.

This effect of the underneath matrix on the superficial
carbon is known to be detected only if the carbon layer is
thin.??? Clearly, if the carbon contamination layer increases in
thickness, the intimate interactions between the surface organ-
ic carbon atoms and the inorganic matrix are minimized. As
discussed above, the concentration of adventitious carbon is
low in our study. Consequently, the effect of the inorganic
matrix on the surface carbon, as it is explained above, could
indeed be invoked to explain the shift between the C1s peaks
and the other photoelectron peaks (Si2p, Al2p, O1s). If one
looks at the entire range of silica—alumina series (from 10 to
100% silica), the observed shifts are as large as about 1.5 eV.
This variation is substantial and is in the same range as the
shifts observed by Opila et al.?®' for the BE of Si2p in ZrO,-
SiO, and HfO,-SiO, samples. Thus, the phenomena described
by Kohiki and Oki** and Opila et al.”* could be a first explan-
ation for our observations.

Differential Charging of the Carbon Contamination

Another reasonable explanation that accounts for the differen-
tial shifts between Si2p, Al2p, and O 1s on the one hand and
C1s on the other hand relies on the presence of a differential
charge between the organic contamination overlayer and the
support.

The hypothesis is that the interaction between the adventi-
tious carbon overlayer and the inorganic matrix on which it is
deposited is not intimate enough to ensure that both are ex-
actly at the same potential. Variations in the ionicity as de-
scribed above can be extended to variations in the conductivi-
ty. Indeed, the transfer of electrons between the organic con-
tamination overlayer and the inorganic sample (see Figure 3b)
can be expected to occur more effectively if the Al,O; content
increases. This explains the progressive increase in the shifts as

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the alumina content decreases. For pure silica, a high differen-
tial charging effect is present and induces the stepwise BE for
this sample (Figure 1, left column).

Such differential charging of the contamination layer relative
to the inorganic matrix appears independent of the analysis
conditions. It occurs to the same extent if the samples are in-
sulated or grounded, if the charge stabilization is effective or
not, and despite the observed small variations of carbon con-
tent and total counts of the photoemitted electrons. It is thus
clearly a chemical effect linked to the physicochemical proper-
ties of the aluminosilicate matrix.

2.2.4. Alternative Calibration Method

In an attempt to describe the surface chemistry of these sam-
ples more rigorously, we propose to use a peak of another ele-
ment belonging to the matrix as a reference for the energy
scale calibration. Si atoms in silica—alumina should experience
approximately the same environment regardless of the compo-
sition of the support."™ Thus, the Si2p peak of silicon was
chosen as the energy reference. Note that Al2p could have
been chosen as well, as its position evolves in parallel with
that of Si2p.

Figure 1 f-j shows the evolution, with respect to the SiO,
content, of the BE of the C1s [C—~(C,H) component], O s, Si2p,
Al2p, and Pd3d peaks upon taking the Si2p peak—fixed at
103.4 eV'"**I_as the reference for the calibration of the BE
scale.

In this case, the binding energies of the Al2p and O 1s peaks
were not affected by the composition of the samples. This ap-
pears more consistent with the fact that the chemical environ-
ment of these elements should not vary significantly in the
sample panel. Even potential changes in symmetry (octahedral
versus tetrahedral coordination) are not expected to yield any
shift in the Al2p BE."" In contrast, as expected, the BE of the
C—(CH) component of the C1s peak (Figure 1f) decreased if
the SiO, content was increased, because the conductivity of
the substrate decreased.

In parallel, the Pd3ds, peak shifted progressively to lower
BE if the SiO, content of the samples was increased. It must be
recalled that the mean size of the Pd particle itself increases
with the SiO, content (Table 1). If one plots the Pd3ds,, BE as
a function of the mean size of the palladium particles, a linear
relationship is found (Figure 4). The latter is consistent with
the results obtained by Wu et al.?™ on Pd clusters supported
on alumina/NiAl(100) materials, by Widjaja et al.*” on Pd-based
catalysts supported on Al,0,/NiO, and by Zhou et al.®>? on un-
supported palladium nanoparticles; all of these results showed
that the BE of the Pd nanoparticles decreased as the size of
the particle was increased. These previous works were realized
either on Pd nanoparticles alone or on Pd nanoparticles sup-
ported on a single oxide support. Therefore, energy scale cali-
bration by using the C1s peak of adventitious carbon was not
a problem in those works. In the present case, variations in the
support composition were “hiding” the variations in the Pd BE
due to a bias in the calibration. Calibration based on the Si2p
photoelectrons allows the link between the size of the Pd
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Figure 4. Evolution of the BE of the Pd3d;,, peak as a function of the aver-
age size of the Pd particles by using the Si2p peak set at 103.4 eV as the ref-
erence for the BE scale for analyses with a Kratos spectrometer. The error in
the Pd3d;,, BE is around 0.1 eV (see the Supporting Information).

nanoparticle and the Pd3d BE to be highlighted. Importantly,
the trend observed in this case is consistent with the confine-
ment effect described by Richter et al.**

3. Conclusions

We showed that the composition of the inorganic material an-
alyzed can significantly affect the position of the C1s peak of
the adsorbed carbon species. This influence of the inorganic
matrix on the organic layer was shown to be truly linked to
the nature of the inorganic material, as technical artifacts were
discarded systematically. One explanation calls for the involve-
ment of the extra-atomic relaxation energy from the substrate.
The amplitude of this phenomenon is dependent on the ionici-
ty of the substrate, which indeed changes in the series of
silica-alumina investigated here. The second reasonable ex-
planation relies on the existence of a differential charge be-
tween the inorganic matrix and the carbonaceous layer. The
latter, if deposited on a more conducting matrix (alumina-rich)
is readily stabilized at the same potential (the electrons are
transported effectively from the charge stabilization devices to
the carbon layer and to the inorganic substrate). In contrast, as
the silica content increases in the substrate, its conductivity
drops, and electrons tend to remain on the carbon layer. The
latter acquires a lower potential relative to that of the underly-
ing inorganic matrix. A bias is thus introduced in the calibra-
tion if the samples are very different from one to another and
if the C—(C,H) component of the C1s peak is used as the refer-
ence.

Choosing another element that is not expected to be affect-
ed by variations in the chemical composition appears more rel-
evant. If the Si2p peak is used as the reference for the energy
scale calibration, a linear relationship between the Pd3d,, BE
and the size of the Pd particles is established, which is in
agreement with what would be expected after studies on Pd
nanoparticles.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Experimental Section
Materials

The SiO,-AlLO; supports were synthesized by coprecipitation
through hydrolysis of ethyl orthosilicate and aluminum isopropox-
ide as described by Rouxhet and co-workers.”® The supports are
denoted Sax, in which x stands for the silica weight content in %
and ranges from 10 to 100. Prior to the syntheses of the catalysts,
the supports were calcined at 500°C for 15 h under static air in
a muffle furnace.

The Pd/SiO,-Al,O; catalysts were prepared by using a classical wet
impregnation technique. The Pd precursor (0.5212 g), tetraammine
palladium chloride monohydrate [Pd(NH,),Cl,-H,O, Aldrich,
>99.99%], was dissolved in distilled water (300 mL). The acidity of
this solution was adjusted with ammonia (Fisher Scientific, 35 wt%
in solution) up to pH 10.6. The calcined support (4 g) was mixed
with the solution for 1 h under magnetic stirring. Water was then
evaporated under reduced pressure by using a rotavapor at 40°C.
The recovered solid was dried in air for one night at 110°C and cal-
cined at 500 °C for 3 h in a muffle furnace under static air. Catalysts
are denoted Pd/SAx. It should be noted, however, that the palladi-
um phase is in its oxide form (PdO). The palladium loading was
5 wt%.

Basic Characterization

The compositions of the supports and the Pd loadings were veri-
fied by using inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) with an ICAP 6500 Thermo Scientific apparatus.

The dispersion of the Pd particles was determined by carbon mon-
oxide chemisorption. CO chemisorption measurements were con-
ducted at 35°C after reduction, under an atmosphere of H, (Prax-
air, 99.995 %), of the samples during 2 h at 300 °C by using a Micro-
meritics Pulse Chemisorb 2700 apparatus equipped with a TCD de-
tector. Several pulses of a known volume of CO (185 plL) were ad-
mitted sequentially on the samples. The metallic dispersion was
calculated from the cumulative amount of adsorbed CO as follows
(Eq. 3)I:

VM
D=y e ¥ 100 3)

in which D is the metallic dispersion [%], V; is the total volume of
adsorbed CO under normal temperature and pressure conditions,
M is the atomic weight of the metal (i.e. Pd=106.42 gmol ™), V}, is
the molar volume (22.414 Lmol™") of the active gas under normal
conditions (0°C, 101.3 kPa), m is the sample mass, C is the CO ad-
sorption stoichiometry coefficient on Pd (one adsorbed CO mole-
cule per atom of Pd),*” and L is the wt% of the metal (i.e. Pd) in
the sample determined by ICP-AES.

The particle size of the Pd on the catalysts was estimated by the

following equation [Eq. (4)]:

_ 500M
~ poD

(4)

in which d is the particle size [m], M is the atomic weight of the
metal (i.e. Pd=106.42 gmol™"), p is the density of the metal (i.e.
Pd=12.106 gm3), ¢ is the surface occupied by one mole of metal
(i.e. Pd=47800 m*mol™"), and D is the metallic dispersion [%].
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N, physisorption experiments were conducted at —196°C with
a Micromeritics Tristar 3000 instrument. The samples were out-
gassed at 150°C under vacuum (2 Pa). The specific surface area
was determined by the BET method in the 0.05 <P/P,<0.30 partial
pressure range.

X-Ray Photoelectron Spectroscopy

A Kratos Axis Ultra spectrometer (Kratos Analytical, Manchester,
UK) and a SSI X-probe (SSX 100/206) spectrometer (Surface Science
Instruments, USA) were used for the X-ray photoelectron spectro-
scopy measurements.

The SSI spectrometer was equipped with a monochromated micro-
focused Al X-ray source (powered at 20 mA and 10 kV). The sample
powders pressed in small stainless steel troughs, 4 mm diameter
and 0.5 mm depth, were placed on an insulating homemade ce-
ramic specimen holder. The pressure in the analysis chamber was
around 107° Pa. The angle between the surface normal and the
axis of the analyzer lens was 55°. The analyzed area was approxi-
mately 1.4 mm? and the pass energy was set at 150 eV for the
survey scan and at 50 eV for the narrow scans. Under the latter
conditions, the full width at half maximum (FWHM) of the Ag3ds,
peak of a clean silver standard sample was about 1.1 eV. A flood
gun set at 8 eV and a grounded Ni grid placed 3 mm above the
sample surface were used for the charge stabilization.

The Kratos spectrometer was equipped with a monochromated
aluminum X-ray source (powered at 10 mA and 15kV) and an
eight channeltrons detector. The sample powders were pressed
into small stainless steel troughs mounted on a conductive multi-
specimen holder. The pressure in the analysis chamber was about
107® Pa. The angle between the surface normal and the direction
of photoelectrons collection was 0°. Analyses were performed in
the hybrid lens mode, a combination of magnetic and electrostatic
lenses. The analyzed area was about 700x300 um” The pass
energy of the hemispherical analyzer was set at 160 eV for the
wide scan and 40 eV for the narrow scans. Under the latter condi-
tions, the FWHM of the Ag3ds, peak of a standard silver sample
was about 0.9 eV. Charge stabilization was achieved by using an
electron source mounted coaxially to the electrostatic lens column
and a charge balance plate used to reflect electrons back towards
the sample. The electron source was operated at a bias of —1.1 eV.
The charge balance plate was set at —2.9 eV and the filament cur-
rent at 1.8 A for the supports, except for SA30. For the catalysts
and SA30, the filament current was fixed at 2.1 A and the charge
balance was fixed at —4.1 eV.

Regardless of the spectrometer used, the following sequence of
spectra was performed (the peak between brackets was not re-
corded for the supports): survey spectrum, C1s, O1s, Al2p, Si2p,
(Pd3d), and C1s again to check the charge stability as a function
of time and the absence of eventual sample degradation during
the analyses. The zero of the KE scale of both spectrometers was
set by recording the spectrum of a clean standard gold specimen
and fixing the BE of the Au4f,, peak at 83.96 eV. The linearity of
the spectrometer energy scale was also checked and adjusted by
recording specific well separated peaks on gold and/or copper.
The recommended reference binding energies are reported in an
ISO standard procedure.™

Spectra were decomposed with the CasaXPS program (Casa Soft-
ware Ltd., UK) by using a Gaussian/Lorentzian (70/30) product
function after subtraction of a linear baseline for the Kratos analy-
ses and by using a Gaussian/Lorentzian ratio of 85:15 and a linear
baseline for the SSI analyses. Molar fractions were calculated by

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

using peak areas normalized on the basis of acquisition parame-
ters, sensitivity and transmission factors provided by the manufac-
turers.

The constraints used for decomposition of the Pd3d peak were as
follows: imposing an area ratio Pd 3ds/,/Pd3d;,, of 1.5, a difference
in the binding energies (Pd3d,-Pd3ds,) of 5.26 eV, and for the
Pd3ds, and Pd3d,, peaks the same FWHM.'**?? The constraints
used for the decomposition of the C1s peak is simply to use the
same FWHM for the_C—(C,H), C—O, and COO components. A differ-
ence of 1.5 eV between the C—0 and C—(C,H) components was im-
posed.
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HETEROGENEOUS CATALYST

Taking control: X-ray photoelectron
spectroscopy (XPS) analysis of heteroge-
neous catalysts usually relies on binding
energy scale calibration by using the
C1s peak as an internal standard. The
inorganic solid can, however, have

a marked impact on the photoelectron
emitted from the adventitious carbon,
and this creates an important calibra-
tion bias that must be taken into ac-
count and corrected for proper use of
XPS data.
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