Keynote Paper

In-situ/operando soft x-ray spectroscopy characterization of interfacial

phenomena in energy materials and devices
Yi-Sheng Liu*°, Per-Anders Glans®, Timothy S. Arthur®, Fuminori Mizuno®, Chinglin Chang®, Way-
Faung Pong®, and Jinghua Guo™®*

"Lawrence Berkeley National Laboratory, 1 Cyclotron Rd., Berkeley, CA 94720, United States;
bToyota Research Institute of North America, 1555 Woodridge Ave, Ann Arbor, MI 48105, United
States; “Department of Physics, Tamkang University, Tamsui 251, Taiwan; *“Department of
Chemistry and Biochemistry, University of California, Santa Cruz, CA 95064, United States

ABSTRACT

Many important energy systems are based on the complexity of material architecture, chemistry and interactions among
constituents within. To understand and thus ultimately control the energy applications calls for in-situ/operando
characterization tools. Recently, we have developed the in-situ/operando soft X-ray spectroscopic systems for the studies
of catalytic and electrochemical reactions, and reveal how to overcome the challenge that soft X-rays cannot easily peek
into the high-pressure catalytic or liquid electrochemical reactions. The unique design of in-situ/operando soft X-ray
spectroscopy instrumentation and fabrication principle and one example are presented.
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1. INTRODUCTION

Interfacial phenomena are crucial in verity of energy devices and chemical reactions. For example, metal ion batteries,
catalysis and photoelectrochemical cells. The chemical reactions and Charge Transfer happened at the solid-liquid or
solid-gas interfaces determine the functionality during operational condition. Synchrotron based soft X-ray spectroscopy
has shown that its abilities for characterizing the chemical species, chemical bonding and charge transfer states in terms
of electronic structure. However, X-ray spectroscopy needs to be performed under Ultra High Vacuum (UHV)
environment. It makes the X-ray spectroscopy measurement under working condition of the real devices. By designing a
series of in-situ cells that are able to adopt many different fields of in-situ experimental research, we are able to expose
the key interfaces for measurements, such as the static/flow liquid electrochemical cells for batteries, photosynthesis
applications, as well as high temperature catalysis reactions in flow gas cell.

Observation in the macroscopic scale of interests relies on the visible light that the wavelength is comparable to the size
of objects. However, for micro/nano-scale and electronic structure, X-rays offer the unique investigation with element
selectivity and chemical sensitivity. X-ray is covering a wide wavelength from soft (10 nm) to hard X-ray (a few pm),
which can be chosen to employ in varying purposes. For example, the commercial in-house X-ray machine provides
fixed specific wavelength such as Al, Cu K, incident X-ray for characteristic of crystal structure in x-ray diffraction.
However, the increasing demands for higher resolution and intense X-ray sources are needed to meet the requirements of
leading-edge experiments. Synchrotron has been found that it is a very promising tool for creating intensive light to meet
the experimental requirements. The 3™ generation synchrotron radiation facilities nowadays provide intense light source
to probe the interactions between photons and matters such as electronic structure. Especially, the tunable
monochromatic and near coherent light are very powerful to understand individual elements in a tiny focused area on the
samples. In addition, the nature of the uncharged photon is also a benefit for spectacular experimental needs such as
applying external electric, magnetic field and simulated solar light/laser illumination on matters without any inferences.
Combine these advantages above; the synchrotron radiation is suitable and perfect for the state-of-art researches such as
battery, catalyst, biological researches [1-4]. Also thanks to the rapid improvement of experimental instruments, the
well-developed high efficiency detectors and specialized sample holders to make the outstanding in-situ researches
possible. The in-situ sample holders have been designed for varying experimental needs such as liquid, gas phase
samples that will be shown in the next section. Advanced Light Source (ALS) at Lawrence Berkeley National
Laboratory, Berkeley, California is one of the brightest light sources in the world. In the ALS, we are dedicated to in-
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situ/in-operando soft x-ray spectroscopies at beamline 8.0.1 and beamline 6.3.1.2. Beamline 8.0.1 is an Undulator
insertion device beamline that provides 1000 times higher in intensity compare to bend magnet beamline 6.3.1.2. The
photon energy range at this beamline 8.0.1 is approximately from 80 to 1400 eV that covers from all 3d transition metals
L-edges up to Na K-edge. Beamline 6.3.1.2 can reach 2000 eV that is higher than that of beamline 8.0.1, which is
suitable to measure XAS at the Mg, Al K-edge in Na, Mg, Al batteries research. Both beamline are equipped with photon
detectors and in-situ experimental capabilities.

2. EXPERIMENTAL
Soft X-ray techniques: XAS and XES

Soft X-ray spectroscopies are including X-ray Absorption Spectroscopy (XAS) and X-ray Emission Spectroscopy (XES)
that allow for different experimental purposes in investigation of electronic structure of matter [5-9]. XAS and XES have
been proved that their abilities and sensitivities of the chemical bonds, oxidation states, and local symmetries [10-12].
XAS is originated from a core electron absorbs a photon and transits into dipole selection rule allowed unoccupied states.
Hence, XAS provides the information of the conduction band/LUMO orbital. Fig. 1(a) shows the O Is core electron in
TiO, is excited into O 2p derived unoccupied state by absorbing photons, consequently leaves a core-hole in the core
level. The unstable excited core-hole state will be filled by valence band electrons during de-excitation and emit a photon
that process are so-called XES, and it reflects the valence band electronic structure/HOMO information. By resonantly
excited at the absorption maximum, much more detail information will be enhanced even sometimes are unable to be
observed or dipole-selection rule forbidden transitions in XAS and XES such as d-d excitation and Charge transfer (CT)
states [13]. Fig. 1(b) shows the corresponding experimental soft X-ray spectroscopy O K-edge spectra in TiO, system.
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Figure 1(a) the diagram of XAS and XES process. (b) Experimental data of O K-edge XAS and XES spectra of Anatase
Ti0,.

In-situ cells

Recently, the rapid growth of renewable energy and catalytic researches are urgent to be understood, that makes in-situ
soft X-ray spectroscopies getting prominent. Under real reaction conditions and time frame, to monitor and clarify the
evolution of electronic structure at the interfaces are the key to learn the reaction mechanisms. In next section, we are
going to introduce in-situ cells that we used at the ALS for in-situ soft X-ray spectroscopy.

Understanding the dynamics at taking place molecular level in materials suitable for the applications of energy-
conversion and energy-transport (e.g. photovoltaics, photocatalysis and battery) in real-time is of great interest in order
to further improve their efficiencies and longevity. Moreover, it is even more important to be able to study the same
when the specimen is in nearly identical to operational mode under ambient conditions. This has however long been
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impeded given the ultra-high vacuum conditions typically required by soft X-ray spectroscopy. The introduction of the
liquid cell has opened many new and exciting avenues for in-situ/operando studies of e.g. electrochemical cell that was
not possible before. The effort has been evolved as a result of intense multidisciplinary collaboration at Lawrence
Berkeley National Laboratory over the last decade.
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Figure 2 (a) Electrochemical static liquid cell and (b) electrochemical flow liquid cell. Note: (i) PEEK base, (i) Si3N,
membrane, (iii) working electrode, (iv) counter electrode, (v) reference electrode and (vi) O-ring, respectively.

These cells are composed of a polyether-ether ketone (PEEK) body separated from the otherwise UHV vacuum chamber
by a 100 nm Si3;N, membrane/window (typically 1x1 mm) to attain UHV compatibility, and enable spectroscopic studies
of liquid and gas samples under UHV conditions.

While the first generation liquid cell were known as “statics cells” [14-16] i.e. liquid samples could only be studied
without any modification in their immediate surroundings, following further development of the same enabled the “flow
cell” which allowed for probing samples under continuous gas/liquid flow.

Fig. 2 presents the principle design and the key features of these in-situ cells developed at Lawrence Berkeley National
Laboratory. The electrochemical static liquid cell, Fig. 2(a) uses a thin membrane window to attain compatibility with
UHV conditions of the fluorescence spectrometer and synchrotron radiation beamline. The synchrotron radiation enters
the liquid cell through a 100 nm thick silicon nitride (Si3N4) window and the emitted X-rays exit through the same
window. The membrane window opening is used to be 1 mm x 1 mm in order to hold the liquid in a vacuum condition
that is required to perform soft X-ray experiments. Furthermore, electrochemical static liquid cell embedded with three
electrodes is developed for in-situ soft X-ray spectroscopy experiments. This design allows us to perform in-
situ/operando electrochemistry X-ray spectroscopy measurements. There also developments on the liquid flow cells. For
our design in Fig. 2(b), the central part of the flow liquid cell is similar to the earlier static cell shown in Fig. 2(a), while
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liquid flow allows a sample refresh in order to eliminate the X-ray induced sample damage problem [17]. It also allows
changing the liquid conditions in regards to the solvent concentration, pH, and temperature during soft X-ray
spectroscopic measurements. It was designed to allow the liquid samples being refreshed in the rate of 50-200 nl/s. And
electrode contacts were added to the liquid cells, so that the in-situ/operando soft X-ray spectroscopy experimental study
of electrochemistry became possible [2, 4, 18]. Moreover, a four-units high temperature gas cell is also been developed
for in-situ catalyst X-ray spectroscopy which is not shown in here. These cells are also used on BL6.3.1.2 and BLS8.0.1 at
the ALS [19]. In-situ soft X-ray spectroscopy study of liquids has attracted a lot of attentions, and there have been a
number of efforts in dealing with molecular liquids in UHV condition [20-22]. Nowadays, since the in-situ X-ray
spectroscopies are providing valuable information in chemical reactions in energy materials. The research based on in-
situ X-ray spectroscopy is intensively promoted in the synchrotron radiation facilities all over the world. Hence, many of
the active groups increase their effort to develop the reaction cells to accomplish the UHV compatible in-situ
environments.

3. IN-SITU X-RAY ABSORPTION SPECTROSCOPY: MAGNESIUM BATTERY

One example will be shown in this section to demonstrate the ability of in-situ X-ray absorption spectroscopy that we
have been done by using our in-situ cell. We have done a series of Mg batteries works by employing our in-situ cells
under electrochemical controlled in-situ XAS at the ALS.

Arthur et al. used Mg electrolyte to show the capability of the electrochemical deposition by in-situ XAS [2, 23] Fig.
3(a) shows the Cyclic Voltammetry (CV) curves from their Mg battery setup that contains electrolyte: [Mgy(u-
Cl);-6(OC4Hyg)]" in the static electrochemical cell. The CVs curve reveals that the Mg deposition and dissolution from
the electrolyte through the two- and three-electrode cyclic voltammetry between Pt coated working electrode and Mg foil
counter and reference electrodes. Hence, the voltage of electrochemical reduction/oxidation reactions can be determined.

The Mg K-edge XAS spectra were collected at fixed voltages from open-circuit potential (OCP) to -400mV in order to
monitor the onset of Mg deposition reactions. In Fig. 3(b), OCP XAS spectrum shows the Mg absorption spectrum
mainly contributes from the electrolyte itself. With the increasing voltages, the spectra shows a strong pre-edge feature
around 1304 eV that is contributed from Mg metal deposited on working electrode surface by comparing to the pre-
electrochemical deposited Mg on working electrode surface. The XAS spectra energy shift is usually referring to the
different oxidation states of metal ions in metal K-edge regime. In this case, the Mg®" ions in electrolyte were reduced on
the working electrode surface by controlling the voltage applied to the working Electrode. By monitoring the
electrode/electrolyte interface and simultaneously controlling the Mg deposition potentials, we observed an intermediate
Mg state existing at potentials before the deposition potential for Mg metal formation.
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Figure 3(a) Cyclic Voltammetry with 2 or 3-elcetrodes setup in our in-situ cell. (b) in-situ Mg K-edge XAS spectra at
different voltage points in CV curve.

From this example, we demonstrated the ability of in-situ XAS to probe Mg battery under working conditions. There are
more examples such as Co/CoPt nanocatalyst reduction/oxidation under high temperature [13, 24-26], Co nanoparticles
suspend in liquid solution [15], liquid water/Au interfacial structure characterization [18]. Most important example is
Hematite (Fe,O;) for water splitting in oxygen reduction reaction [4]. Even though the real Hydrogen evolution reaction
for producing H, are not been studied yet by using in-situ cells and in-situ XAS at the ALS. However, the goal might be
achieved soon in the future since the in-situ cells or in-situ XAS are quite mature. Seeking for the suitable photoanode
and photocathode material that can be adopted in our in-situ cells. Will provide fruitful information and special insights
under water splitting condition by using in-situ soft X-ray spectroscopy.
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