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A B S T R A C T

Operando assessment of electronic properties near the Fermi level is essential to gain new insights into the
mechanisms of electrochemical reactions as well as for the development of more efficient electrocatalysts.
However, the high vacuum ambient needed for X-ray absorption measurements at low energies has made studies
under electrochemical conditions quite challenging. Here, we describe an out-of-chamber setup with a new
electrochemical cell that allowed us to performed operando X-ray absorption studies at the low energy of the Pd
L3 edge. Using the new electrochemical cell, we were able to probe, for the first time, the changes in electronic
properties of carbon-supported Pd nanoparticles induced by the electrochemical oxidation of the Pd surface. Our
results demonstrate that the oxidation process produces an increase in the Pd 4d band vacancy, which indicates
that charge is transferred from the metal to the adsorbed oxygenated species.

1. Introduction

Operando spectroscopies have provided unique insights into the
structural properties of catalytic materials under working conditions
[1]. In particular, X-ray absorption spectroscopy (XAS) has become an
important tool in the study of materials for many important electro-
chemical processes. The distinctive properties of Pt for fuel cell appli-
cations have meant that research on materials for low-temperature fuel
cells has been focused mainly on carbon-supported Pt and Pt-based
electrocatalysts [2]. Fuel cell reactions, such as the reduction of oxygen
and the oxidation of hydrogen, methanol and ethanol, involve reaction
steps in which adsorption of the reactant molecules and/or reaction
intermediates takes place. Because the outermost orbitals are the ones
relevant to chemisorption processes, changes in their electronic occu-
pancy, which can be probed by XAS measurements at the L3 edge
(involving excitation of 2p electrons to unfilled d orbitals), might have
considerable impact on the strength of adsorption, ultimately affecting
the catalytic activity and reaction mechanisms. A range of electro-
chemical cells have been developed for in situ experiments using hard X
rays [3–5]. The high energy of the Pt L3 edge (11,564 eV) has allowed
X-ray absorption spectroscopy experiments to be performed under
electrochemical conditions for carbon-supported Pt [4,6,7]. The Pt 5d
band electronic occupancy can be measured directly at different applied

potentials from the near edge region of the absorption spectra (X-ray
absorption near edge structure, XANES) [8]. The analysis of spectra
beyond the absorption edge (Extended X-ray Absorption Fine Structure,
EXAFS) has allowed bond distances and coordination numbers to be
assessed, providing valuable results for the characterization of carbon-
supported Pt-based alloys [9].

In recent years, rapid progress in the development of membranes for
alkaline fuel cells has led to consideration of Pd and Pd-based catalysts
as possible alternatives to expensive Pt catalysts [10]. Most X-ray ab-
sorption studies of Pd materials have been carried out around the Pd K
edge (24,350.3 eV), for which transitions occur only to the final states
of p symmetry. In contrast, despite the disadvantages of smaller fluor-
escence yields than for K shells, the possibility of more visible multi-
electron transitions and the fact that for some metals the proximity of L
edges might prevent structural analysis by EXAFS, measurements at the
L3 edge (excitation p→ d), which for transition metals show strong
absorption peaks, allow the electronic occupancy of the outermost or-
bitals to be probed. In this case, direct assessment of the electronic
occupancy of the Pd 4d band under electrochemical conditions is con-
strained by the low Pd L3 edge energy (3173 eV), which lies in the
tender X-ray region.

Despite the fact that measurements around the Pd L3 edge are rather
scarce for carbon-supported Pd and Pd-based nanoparticles, analysis of
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the XANES region of spectra acquired under high-vacuum conditions
has shed some light on the role of the electronic occupation of the Pd 4d
band in electrocatalytic reactions [11,12] and electrochemical surface
processes [13].

Although measurements using low-energy X-rays under electro-
chemical conditions can be quite challenging, a range of experimental
setups have been previously reported for operando XAS studies in the
soft X-ray region. Different types of electrochemical cells have been
designed for use inside a vacuum chamber, such as coin-type cells [14],
cells involving liquid flow [15,16], and small tightly sealed cells
[17–19]. The main types of electrochemical cells developed for use
under vacuum conditions and the results obtained with them have been
discussed in review articles [20,21]. With such experimental arrange-
ments, however, changing the samples is not an easy task as this in-
volves the time-consuming processes of venting/pumping the vacuum
chamber.

In contrast, conventional electrochemical cells filled with a liquid
electrolyte under ambient pressure allow experiments to be performed
under conditions that are closer to the real environment of fuel cells and
are therefore more suitable for studying materials for fuel cell appli-
cations. To the best of our knowledge, operando X-ray absorption stu-
dies around the Pd L3 edge under conventional electrochemical con-
ditions have never been reported for supported Pd nanoparticles. Yet,
studies of this kind are highly desirable as information on the changes
occurring in the electronic properties at different applied potentials and
in different electrolytic solutions might offer valuable insights into their
roles in electrocatalytic reactions and mechanisms.

In this work, we describe a new electrochemical cell in an out-of-
chamber setup that makes it possible to measure X-ray absorption
spectra around the Pd L3 edge and to probe, for the first time, the
changes in the electronic properties of carbon-supported Pd nano-
particles induced by electrochemical oxidation of the Pd surface.

2. Materials and methods

2.1. Electrochemical cell and out-of-chamber system

The body of the electrochemical cell was made of PEEK® and the cell
cap with openings for reference and auxiliary electrodes was made of
Teflon®. Fig. 1 shows the main parts of the electrochemical cell. For the
working electrode, a window-catalyst assembly was mounted on a re-
movable aluminum holder with a 5mm diameter orifice at the center
for the X-ray beam to pass through. An Ultralene® film (4 μm) was fixed
on the removable aluminum holder and a 50 nm film of titanium was
deposited on it by sputtering to enable electrical contact. A layer of

carbon powder (Vulcan XC-72) was deposited onto the titanium film by
dropping 10 μL of a suspension of carbon powder (3mg of Vulcan XC-
72 in 0.5mL of isopropanol), covering only the region of the central
opening. This carbon layer meant that there was no direct contact be-
tween the Pd/C catalyst and the Ti film. 10 μL of catalyst suspension
(1.5 mg of catalyst powder in 0.5mL of isopropanol) was then de-
posited on top of the carbon layer and left to dry in air for a few sec-
onds. The aluminum holder was then attached to the cell. An O-ring
was used to seal the holder/cell junction and a Cu ring touching the
clean (catalyst-free) Ti film provided the electrical contact for the
working electrode.

The electrochemical cell was put in an acrylic box, which was
placed outside the vacuum chamber, with lateral entrances for the X-
ray beam and the detector tip, as shown in Fig. 2. The sample was
aligned at an incident angle of 45° from the incoming beam with the
detector placed within the horizontal plane at 90° from the incoming
beam to reduce the elastic scattering background (horizontal polariza-
tion from bending magnet). The lateral entrances were joined to the exit
of the X-ray beam from the chamber and to the detector with rubber
tubing. The measurements were performed with a helium ambient
(pressure about 10mbar above atmospheric pressure) inside the acrylic
box in order to minimize the argon fluorescence from air. The upper
part of the electrochemical cell, the cell cap and the reference and
auxiliary electrodes were all outside the acrylic box.

The catalyst used for this work was a home-made Pd/C prepared
with 20wt% Pd loading. The reference electrode was a reversible hy-
drogen electrode (RHE); a platinized Pt wire in a separate glass com-
partment served as the counter electrode. The electrolyte was 0.5M
H2SO4 solution deoxygenated by N2 bubbling.

2.2. X-ray absorption measurements

X-ray absorption spectra were measured at the soft X-ray spectro-
scopy (SXS) beamline at the Brazilian Synchrotron Light Laboratory
(LNLS) [22]. The X-ray beam exited the high vacuum chamber through
a beryllium window 7 μm thick. The incident photon energy was se-
lected by a Si(111) double-crystal monochromator with an energy
bandwidth of 0.6 eV. The photon beam was focused by a Ni-coated
toroidal mirror and the spot size at the sample position wasFig. 1. Main parts of the electrochemical cell.

Fig. 2. Out-of-chamber system: electrochemical cell inside the acrylic box used
to keep it in a helium atmosphere.
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0.6 mm×1.2mm (FWHM). X-ray absorption spectra were acquired in
partial fluorescence detection mode (SuperFast SDD, AMPTEK) and
were normalized by the spectrum simultaneously obtained with a
photon flux monitor (Io, aluminum foil) to correct for fluctuations in
beam intensity. The collected spectra were normalized with the pro-
gram Athena from the Demeter software package [23], which was also
used to determine the Pd L3 edge energy (3173 eV) of all raw spectra by
the zero crossing of the second derivative.

3. Results and discussion

The spectra of the Pd/C catalyst were acquired in sequence at
constant applied potential, after potential steps from 0.4 V as shown in
Fig. 3. The first spectrum was recorded with the sample kept at a po-
tential in the region where the Pd surface is not yet oxidized (0.6 V vs.
RHE) and the subsequent spectra were collected with the Pd/C catalyst
polarized at 0.8, 0.9 and 1.0 V vs RHE, i.e., within the region where
oxidation of the Pd surface takes place.

A comparison of the normalized X-ray absorption spectra acquired
for the Pd/C catalyst at different applied potentials is shown in Fig. 4a.
Clearly, the absorption peak intensity moves higher as the applied po-
tential increases. Analysis of the XANES region allows direct assessment
of the changes in the electronic occupancy of the Pd 4d band induced by
the electrochemical oxidation of the Pd surface. The comparative ana-
lysis is improved if it is based on the whole absorption peak, not just the
maximum intensity. To do this we employed the method proposed by
Shukla et al. [8], i.e., fitted the absorption spectrum with a Lorentzian
curve combined with an arc tangent curve, with the former re-
presenting the transitions to bound states and the latter accounting for
transitions to the continuum. The Lorentzian curve is then integrated
and the value obtained is proportional to the band vacancy. The results
are shown as a function of applied potential in Fig. 4b.

It is interesting to note that similar behavior, i.e., increasing in-
tensity of the X-ray absorption peak for more positive applied potential,
has been reported for Pt and Pt-based carbon-supported materials
[24–26]. That change in electronic properties was attributed to the
effect of oxygenated species leading to a higher electronic vacancy of
the 5d band [9]. Likewise, the spectra depicted in Fig. 4a show that the
electrochemical formation of oxide on the surface of the Pd nano-
particles promotes an increase in the Pd 4d band vacancy. In other

words, when electrochemical oxidation of the Pd surface occurs, there
is some charge transfer from the metal to the oxygenated species. To the
best of our knowledge, this is the first time that an electrochemically
induced change in the electronic vacancy of the Pd 4d band has been
measured for carbon-supported Pd.

Additionally, the results reported herein demonstrate the feasibility
of operando X-ray absorption measurements around the Pd L3 edge and
other low absorption edges. The proposed system opens up new pos-
sibilities for studying Pd catalysts under ambient pressure and in dif-
ferent electrolyte solutions, deoxygenated with N2 or saturated with
other gases. Probing the electronic properties of Pd catalysts under
working conditions might provide new insights into fuel-cell-related
electrochemical processes, such as adsorption and oxidation of alcohols
and CO, because the strength of the interactions of Pd with adsorbates
might be profoundly affected by the shifts in the d-band center resulting
from alterations in the Pd 4d band electronic occupancy [27]. More-
over, the out-of-chamber system developed might be easily adapted to
study the electronic and structural properties of catalysts in other re-
action environments, such as small chemical reactors.

4. Conclusions

We have developed a new electrochemical cell and a simple out-of-
chamber setup that provides an easy way for operando measurements
in the soft and tender X-ray region under electrochemical conditions.
We probed the changes in the electronic occupancy of the Pd 4d band
resulting from the application of different potentials and observed, for
the first time, that electrochemical oxidation of the Pd surface led to an

Fig. 3. Potential program followed to collect X-ray absorption spectra for the
Pd/C catalyst and cyclic voltammetry curve obtained at 50mV s−1 in deox-
ygenated 0.5M H2SO4 solution.

Fig. 4. (a) Comparison of normalized X-ray absorption spectra collected for the
Pd/C catalyst at different applied potentials in deoxygenated 0.5M H2SO4 so-
lution. Inset: Enlarged region of absorption peak. (b) Area of the Lorentzian
curve adjusted to the normalized X-ray absorption spectrum as a function of
applied potential.
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increase in the band vacancy, indicating that charge is transferred from
the metal to the adsorbed oxygenated species.
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