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Abstract

The lightweight, rechargeable lithium-ion battery is one of the dominant energy storage
devices globally in portable electronics due to its high energy density, no memory effect, wide
operating voltage, lightweight, and good charge efficiency. However, due to safety concerns,
the depletion of lithium reserves, and the corresponding increase of cost, an alternative battery
system becomes more and more desirable. To develop alternative battery systems with low
cost and high material abundance, e.g. sodium, magnesium, zinc and calcium, it is important
to understand the chemical and electronic structure of materials. Soft X-ray spectroscopy, e.g.
X-ray absorption spectroscopy (XAS), X-ray emission spectroscopy (XES) and resonant
inelastic soft X-ray scattering (RIXS), is an element-specific technique with sensitivity to the
local chemical environment and structural order of the element of interest. Modern soft X-ray
systems enable operando experiments that can be applied to amorphous and crystalline
samples, making it a powerful tool for studying the electronic and structural changes in
electrode and electrolyte species. In this article, the application of in-situ/operando (soft) X-
ray spectroscopy in beyond lithium-ion batteries is reviewed to demonstrate how such
spectroscopic characterizations could facilitate the interpretation of interfacial phenomena
under in-situ/operando condition and subsequent development of the beyond lithium-ion

batteries.

1. Introduction

As an electrical energy storage device with high energy density, wide operating
voltage, good efficiency and no memory effect, lithium-ion battery has dominated the market
of portable electronics including mobile phone, laptops and electric vehicles, etc.!"”! Based on
Bloomberg new energy finance, the global light duty passenger electric vehicle market is

forecasted to achieve more than 20 million sales globally by 2030. Roughly, 30% of the total
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U.S. energy consumption is devoted to transportation while another 40% to electricity
generation.”! To supplant fossil fuels with electricity, portable electrical energy storage
devices needs to be more efficient and less in cost. Underlying so much portable modern
technology, significant scientific progress has been made in lithium-ion batteries academically
and commercially.""” However, the demand for higher energy densities and lower cost have
pushed the lithium-ion batteries near their limits. To make electric vehicles feasible, it is
imperative to understand considerably new battery chemistries with higher energy densities
than the lithium ion, designated as “beyond lithium-ion™ batteries.*® Examples include Li-
air”, Li-SU'%" Na-ion!'>"'® batteries, and multivalent-ion batteries including Mg-ion!">*, Zn-
ion*>*! Ca-ion batteries"”), etc.

Table 1 summarizes the properties of several different beyond Li-ion batteries. The Li-
ion batteries have the advantages of high energy density and high voltage but are limited by
safety factors and high manufacturing cost corresponding to the depletion of low natural
lithium reserve. The Na-ion, Mg-ion, Ca-ion and Zn-ion batteries are lower in terms of cost
because of their high abundance but compared with Li-ion batteries, they are suffering from
moderate energy density, low capacity, low energy density, and low cell voltage, respectively.
“ In the beyond Li-ion batteries to be introduced, Na-ion batteries are the first alternative
because of cost-efficiency, sustainability and safety. However, the Na-ion battery is limited by
the development of anode material, as graphite does not allow the intercalation of Na* ions.*?
Mg-ion batteries received lots of attention because of the high capacity of Mg metal anode,
dendrite-free plating and stripping, and the sustainability and corresponding low cost.**#* Ca-
ion batteries have lower charge density of Ca** ions, a similar potential of 0.17 V vs Li, and a
similar volumetric capacity of that of Li. The limitations are similar to those of Mg-ion
batteries e.g. low diffusion rates of Ca** ions and high reduction potential.”'*}! Zn-ion batteries

offers potential in grid-scale related energy storage'*’, but suffers from dendrites formation
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and irreversible discharge capacities."®! In general, the battery research is composed of two
electrodes, an oxidant (cathode) and a reductant (anode), and an electrolyte in which ionic
components transfer.”” In the study of ion solvation shell in electrolytes and the charge
transfer at the electrode/electrolyte interfaces, both of which notably affect the battery
performance and of significant to advance battery research, (soft) X-ray spectroscopy
techniques including XAS, XES and RIXS are irreplaceable as they are sensitive to the
electronic states of an element of interest, which is affected by its local chemical environment

in the electrochemical cycling.

Table 1. Summary, composition, and properties for the different beyond Li-ion batteries.

Battery | Cathode Anode Electrolyte composition | Full-cell performance

Energy Durability

Density (Cycles)

(Wh/kg)
Li-ion | LiFePO, Graphitic | IM LiCIO,/EC-DMC 90-120 200011
LiCoO, IM LiPF¢/EC-DMC 150-240 | 10001
battery carbon
Na/K- Na,sVPO,sF,; | Nanostruc | IM NaClO4/ | 80-100 120-
ion tured EC0.45-PC0.45-DMCO0.1 21014841
Nao_45Ni0,22C00. 11 10 mol% NaTFSI/ 70-110 100[50]
battery carbon
Mn, 660, PYR,,FSI
P'3-type Metal KTFSI 195 20051
Na; 5,CrO, anode
Mg-ion | MosSs Mg (2200) | Mg(AIC1,BuEt),/THF 40 200044
battery | Mg Mg,Sn APC electrolyte 45 150621
Ca-ion | Carbon-based C-based 0.7 M Ca(PF,)./EC- | 40-45 30013
battery | layered layered DMC-EMC
Ca(PF),/EC-PC 16-20 50154
Na,FePO,F BP2000
carbon




Ca,CuHCF PANI Ca(NOs), aqueous | 70 20057
electrolyte

Zn-ion | V,Os Zn 3M  Zn(CF;S03), aq. | 70-75 400059
battery electrolyte

C0y247V,05-0.94 Polyacrylamide-based 458.7 750057
4H,0 hydrogel

Synchrotron-based X-ray absorption spectroscopy (XAS)P** measures the X-ray
absorption coefficient as a function of photon energy, and is sensitive to the oxidation state,
bond length, coordination chemistry for materials in solid, liquid, or gas states with or without
long-range ordering.”"’ Complementary to that of X-ray powder diffraction (XRD), it is
employed in various studies regarding battery materials.'® Soft XAS, which involves with the
excitation of core electron and subsequent decay process, is depicted in Figure la. Firstly, a
core level electron is excited by the incident photon to the empty electronic state above the
Fermi level. Thus, the information provided by XAS is regarding the unoccupied electronic
structure, with the existence of core hole. Then, the excited state decays through the
fluorescence or Auger channel, emitting photons or electrons, respectively. Approximately,
the total fluorescence yield (TFY) and total electron yield (TEY) signals are proportional to
the quantity of the core hole created. Because of the different mean free path of electrons and
photons in the sample, TEY is surface sensitive while TFY is bulk sensitive, with a probing
depth of a few nanometers and several hundred nanometers, respectively. The soft X-ray
region (50 eV to 2 keV) covers the ls to 2p excitations of low Z elements (e.g. lithium,
sodium) and 2p to 3d transitions of 3d transitions metals (e.g., magnesium, zinc, calcium), as
it is shown in Figure 1b. The X-ray emission spectroscopy (XES) depicts the intensity vs.
energy distribution of the emitted photons, providing information during the decay process of

occupied valence electrons that fill the core hole.'””! For resonant inelastic X-ray scattering
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(RIXS), the emission spectra strongly depend on the incident photon energies, making it an
ideal probe for high correlated electron systems.!* More importantly, the recent development
of high-efficiency RIXS has enabled this powerful tool for studying both transition-metal and

oxygen states of the beyond Li-ion battery electrodes. !>
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Figure 1. (a) A schematic of soft XAS/XES/RIXS, which involves excitation of core electron
and following decay process. (b) Coverage of elements and corresponding excitations that are
accessible by soft X-ray spectroscopy (50 eV to 2 keV). K- and L-edge spectroscopy detects

the 2p and 3d states of the specific elements commonly used for batteries, respectively. (c)
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Atomic schematic of the core-electron excitation, photon-in-electron-out XAS and photon-
ion-photon-out XAS/XES/RIXS. Reproduced with permission.l”%®! Copyright 2016 IOP

Publishing Ltd and Copyright 2013 Elsevier.

The discuss below will also include X-ray absorption spectroscopy studies of 3d
transition metal K-edge X-ray absorption near-edge spectroscopy (XANES) and extended X-
ray absorption fine structure (EXAFS). Although such 3d transition metal K-edge XANES
and EXAFS do not fall in the region of soft X-rays (50 eV to 2 keV), they also play an
important role in the study of beyond lithium-ion batteries. Such XANES and EXAFS are
usually measured in transmission mode, and provide details of the coordinating species,
coordination number, distances, and mean square deviations in distances surrounding the
element of interest. In addition to comparisons made to standard reference samples, fitting
FEFF calculated data from models built with different parameters including ligand type,
dopant, distance, and vacancy with the measured data is a common way to analysis the

EXAFS spectra.'®

With respect to battery research, an example is demonstrated how XAS is contributing
to the battery binder design."”” The strategy is to adjust the LUMO energy levels of the binder
to let electrons cathodically dope the polymer in-situ. The lowest energy onset of the
absorption edge in XAS denotes the LUMO states since the XAS probes the excitation of core
electrons to the unoccupied states, as shown in Figure 2a. XAS provides useful information
on how functionality of the polymer binder will affect the battery performance, leading to new
design strategies of high-capacity anodes. In another important study area of battery, cathode
materials, soft XAS is also very useful because most intercalation type cathodes are 3d

transition metal (TM) compounds whose L-edge energy range falls in the experimental
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window of soft XAS. Such 3d TM electrochemical cycling resulted electronic evolution and
structural change is suitable to be probed with soft XAS at TM L-edge, i.e., transition from 2p
core level to 3d unoccupied states, providing detailed information on the evolution of
electronic states at different chemical stages.®”! As shown in Figure 2b, a sophisticated in-situ
soft XAS setup to monitor the electrode electron state during electrochemical cycling
empowers the revealing of the charge dynamics in battery electrodes. RIXS is more sensitive
compared to XAS to detect subtle chemical contrast at the interface of two chemical species,
e.g., the ion-solvation shell in liquid electrolytes (Figure 2c), which is a critical issue in
battery systems involved with the charge transfer process.”"! The oxygen K-edge soft XAS
spectra do not change much for different concentrations because of the XAS measured here
are from the solvent molecule (H,O) which is the same for pure solvent and that in solvation
shells. However, RIXS spectra collected at the 534.2 eV excitation energy observed a
significant change which suggests low-energy excitations of vibrational modes in RIXS are
significantly suppressed in the ion solvation shell. Detailed ion solvation shell structure can be

derived from the analysis of the high resolution RIXS spectra.l”



]
—

Soft X-ray Absorption Intensity (Arb. Unit.)

2840 2850  286.0
Photon Energy (eV)

b)

c)

O-K sXAS intensity (a.u.)

" Li-ion Battery

534.2

RIXS intensity (a.u.)

eV

534 536 538 540 542 54 532
Excitation energy (eV) (I

533 534 535

RIXS emission energy (eV)

FEZ* Fed+

Charged [FE3*} Discharged (Fe2*)

sS0cC:

}—50 pm —4
urrent.

(PEO-LITFSI) electrolyte/separator "
L

s
#

J’ Charging ,/'l:
/’, 4

- 1 td

Open-circuit
Relaxation

-

—_—"~— Open Circuit —>~—

t t T
]
1 1
[~ ol I
ﬂ
I
]
s | \
Bt

Figure 2. (a) C K-edge XAS spectra of a series of polymer materials as binders in battery. (b)

A schematic of in-situ cell for soft XAS measurement and corresponding electrodes in

charging/relaxation, and key XAS spectra revealing the state-of-charge (SOC) configurations

in-situ. (c) In-situ sXAS and RIXS of an aqueous salt solution with different KCI

concentrations. Adapted with permission."”">”*! Copyright 2013, 2014 American Chemical

Society and Copyright 2013 Nature Publishing Group.



In-situ/operando XAS cells for measuring liquid and gas samples have also been
developed to enable probing of interfacial species during the -electrochemical
charging/discharging process and revealing the non-equilibrium state of the condensed matter
interfaces.’*™ The schematics of the static liquid cell, electrochemical flow liquid cell and
gas cell are shown in Figure 3.7+7% A 100-nm thick Si;N, membrane is used to separate the
electrolyte from the ultra-high vacuum (UHV) required to perform soft X-ray experiments.
The liquid cells with three electrodes are developed to perform in-situ/operando experiments
in which the XAS spectra are collected simultaneously with the voltammetric response of the

electrode interface, shedding light on transient interfacial processes.

Figure 3. (a) Static liquid cell, (b) electrochemical static liquid cell, (c) electrochemical flow

liquid cell, and (d) gas flow cell. Note: (1) Si:N, membrane, (ii) liquid reservoir, (iii) O-ring,
(iv) working electrode, (v) counter electrode, and (vi) reference electrode, respectively.

Reproduced with permission.” Copyright 2015 Elsevier.
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Additional core-level X-ray spectroscopies include soft XES, which corresponds to the
occupied valence states, and RIXS, which originates from interband and other low-energy
excitations, mixed with the noncoherent XES signals.®"

This article is intended to provide a succinct overview of the recent development of in-
situ/operando X-ray spectroscopy and its application in the fundamental and applied research
of beyond lithium-ion batteries. A summary of in-situ/operando XAS on various beyond
lithium-ion batteries, including Mg-ion!""=*, Zn-ion™*“%, Ca-ion"”, Li-S"*'"), and Na-ion"*®!
batteries, will be discussed in the next section, followed by a brief presentation of several
papers employed RIXS and scanning transmission X-ray microscopy (STXM) for
applications in the beyond lithium-ion battery field. In addition, a perspective on the future

problems to solve with the assistance of in-situ/operando soft X-ray spectroscopies will be

discussed.

2. In-situ/operando XAS on beyond lithium-ion batteries

The demand for alternative battery is urgent because of the concern of safety issues,
the low abundance of lithium in nature and the depletion of reserve together with the
corresponding increase of cost. Compared with lithium (Li), sodium (Na) is abundant in the
earth crust, economical, nontoxic, and with a comparable cell voltage, thus Na-ion battery has
attracted lots of attention recently, especially in large-scale electrical energy storage
applications.””! For rechargeable batteries based on divalent charge carrier ions such as Mg?*,
Ca?, Zn*, half the number of ions is needed to achieve the same electrochemical capacity;
instead, the capacities will be doubled for the same amount of reacted ions at the electrodes.
To expand the electric vehicle range, energy storage systems based on these divalent ions are
promising alternatives to Li-ion batteries.”**! In this section, a detailed presentation of the

involvement of in-situ/operando (soft) XAS in these beyond Li-ion batteries will be presented
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with an emphasis on the Mg-ion batteries while other divalent ions batteries, and Na-ion

batteries will be briefly discussed.

2.1 In-situ/operando XAS in Mg-ion battery research

Magnesium (Mg) has been used as an anode material in batteries for more than twenty
years because of its thermodynamic properties after two breakthroughs.** The first was the
use of non-Grignard based electrolyte solutions with wide electrochemical windows because
Grignard reagents are strong reducing agents and cannot be used in batteries.”™ The second
breakthrough was the high-rate Mg cathodes based on Chevrel phases.'®! Metallic Mg offers
high capacity (3833 mAh/cm® vs. 2036 mAh/cm® for Li metal) and is naturally abundant and
safe due to non-dendritic electrochemical deposition.® Being cost effective and
environmental friendly, lots of work have been performed and reported in recent years and
here in this subsection are a few examples of using (soft) XAS in the study of the electrolyte,

anode and cathode in the Mg-ion batteries.

2.1.1 In-situ/operando XAS in electrolyte research

The rate of progress in the rechargeable magnesium batteries is limited by the
development of Mg electrolytes because electrolyte transfers ions between anode and cathode
in the battery.®” Complex magnesium organohaloaluminate electrolytes are known to be
compatible with the Mg anode allowing for reversible electrochemical Mg deposition and
stripping.®% However, while some of these organohaloaluminate salts are stable against
electrochemical oxidation, they were observed to be corrosive attributed to the presence of
chlorides in their cations or anions.® This leads to another type of electrolyte for Mg-ion
battery, i.e., Boron-containing electrolytes. A few examples include anions such as TFSI" and

BH4_.[18’85]
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In 2013, Arthur from Toyota and coworkers studied the effect of electrolytic properties
of a magnesium organohaloaluminate electrolyte on magnesium deposition using in-situ
electrochemical X-ray absorption spectroscopy. The Mg K-edge was measured by
fluorescence on the beamline 6.3.1.2 ISAAS endstation at the Advanced Light Source at
Lawrence Berkeley National Laboratory.?" The X-ray absorption near-edge spectroscopy
(XANES) spectra of 0.4 M C,HsMgCl-((C,Hs),AlCl), electrolyte generated in-situ, the
crystallized [Mg,(u-Cl);-6(0OC4Hy)] (AICL) solid and 0.4 M [Mg,(u-Cl);-6(0OC,Hy)] (AICL,)
solution in tetrahydrofuran (THF) are shown in Figure 4a. Similar spectral features are
observed in (a) peak, (b) shoulder, and (c) broad peak. It indicates the dominant Mg in both
the in-situ and dissolved electrolyte is [Mg,(u-Cl);-6(OC,Hg)]*. Extending the in-situ analysis
into the extended X-ray absorption fine structure (EXAFS) region, three different potentials, -
100, -200 and -400 mV vs. Mg/Mg* was selected. The -100, -200, and -400 mV stand for
before, onset and after electrolyte reduction, respectively (Figure 4b). The EXAFS reveals the
presence of a nondimeric and interfacial Mg transient state at potentials below Mg plating.
Combined with information from electrochemical transport measurements and XAS including
both XANES and EXAFS, a mechanism for Mg deposition in this organohaloaluminate

electrolyte is proposed, as it is shown in Figure 4c.
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Figure 4. (a) XANES spectra for organohaloaluminate electrolytes. (b) Fourier-transformed
EXAFS spectra of the Mg K-edge at the Mg metal and electrolyte interface. (c) Proposed
mechanism of Mg deposition in organohaloaluminate electrolyte. Reproduced with

permission.** Copyright 2013 American Chemical Society.

Mizuno et al. also from Toyota investigated the electrode/electrolyte interface in
rechargeable magnesium batteries at the same endstation in 2014, focusing on the
anode/electrolyte interface.”’” The in-situ observation at this interface offers new insights
during Mg deposition on a Pt electrode and during Mg dissolution from the electrochemically
deposited Mg metal. In Figure 5a, at -0.1 V vs. Mg, Mg deposition has not started, but the
edge observed at 1304 eV indicates a new intermediate species before Mg deposition. The
more negative the potential is, the higher the intensity of the new edge and eventually at -0.75
V, the edge of XANES spectrum shifts to 1301 eV, corresponding to metallic Mg. This
observation of the new edge reveals the presence of the intermediate species formed at the

interface between the organohaloaluminate electrolyte and Mg metal. The reverse process
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while applying positive potentials is shown in Figure 5b. Contrary to the scanning electron
microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) studies in which a solid-state
species was not observed, the XAS indicates an intermediate soluble layer at this
Mg/electrolyte interface. A schematic structure of the Mg/electrolyte interfacial layer with
this intermediate species [MgCl-5THF]* is shown in Figure Sc. This process is faster than
expected despite of low transport of properties of Mg-ion in organohaloaluminate electrolyte.
This study reveals the intermediate species for the very first time, and further scrutiny using
in-situ/operando XAS regarding the solvation-desolvation process at the electrolyte/electrode
interface is of fundamental interest and importance to make Mg battery go further beyond

lithium-ion batteries.
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Figure 5. In-situ X-ray absorption near edge structure (XANES) spectra of the Mg K-edge for
the interface between Mg metal and the organohaloaluminate electrolyte (a) during Mg
deposition on a Pt electrode and (b) during Mg dissolution from the electrochemically
deposited Mg metal onto the Pt electrode. (¢c) A schematic image of the Mg
metal/organohaloaluminate electrolyte interface layer incorporating intermediate species.

Reproduced from Ref!*. Open Access article.

Arthur and his coworkers also investigated the boron-containing electrolytes using soft
XAS and electrochemical methods.!"®%% Mg(BH,), electrolytes enabled reversible Mg
plating/stripping attributing to high reductive stability of BH,.®! With Mg K-edge
fluorescence on the beamline 6.3.1.2 ISAAC endstation and complementary operando TEM
information, Arthur et al. identifies the active component for the deposition of Mg metal as
the contact-ion pair [Mg(u-H),BH,]*, and experimentally proves that the formation of boron
clusters accompanied by H, gas formation accompany the deposition of Mg, and is critical in
the formation of solid electrolyte interphase (SEI) on the Pt surface. With operando Mg K-
edge XANES, Mg K-edge EXAFS and B K-edge XANES, the interphase formation from
Mg(BH,), electrolytes are revealed, as it is shown in Figure 6. The red peak at 1313 eV and
blue peak at 1317 eV represent the similar bulk constituents of the electrolytes in different
concentrations, and the green peak at 1307 eV is the deposition of Mg species onto the
electrochemical interface. In the deposition of metallic Mg surface (iia) and interaction of
anion (iib) are the vital steps, that promote the reductive formation of H, (iii) gas and higher

order boron clusters (iv).
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Figure 6. (a) Mg K-edge XANES of the cell under operando V = -150 mV vs. Mg applied to
the interface. The solid black line is the fit obtained from the addition of the red, blue, green
and purple peaks. (b) Mg K-edge EXAFS of 1:3 Mg:Li borohydride electrolyte as-prepared
and after the first reduction/oxidation cycle. (c) B K-edge XANES after the 1% cycle and 50"
cycle of deposition/dissolution of Mg from 1:3 Mg:Li borohydride electrolyte. (d) A
schematic of the interphase formation from Mg(BH,), electrolytes. Reproduced with

permission.!"®! Copyright 2017 American Chemical Society.

A very recent work through tuning a conventional electrolyte, Mg(TFSI), with a
Mg(BH.,), cosalt in diglyme, highly reversible Mg plating/stripping with a high coulombic
efficiency is achieved by neutralizing the first solvation shell of Mg cationic clusters between
Mg** and TFSI and enhanced the reductive stability of free TFSI. The Mg K-edge XANES
spectra in this work shows an obvious shift to the low-energy edge for the cell using
electrolyte with BH, but not for the cell using electrolyte without BH,". As shown in Figure 7,
the pre-edge shift of the Mg K-edge is largely associated with the active Mg cation clusters

involved with absorbed BH, at the interface between Pt and electrolyte before Mg
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electrodeposition. The charge-transfer process with adsorption of Mg cation clusters involving
BH, is identified as the key mechanism for Mg plating and stripping by the in-situ/operando

soft XAS in this work at beamline 8.0.1.4, wet-RIXS endstation at ALS using the static liquid

cell.
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Figure 7. A schematic illustration of probing the electrified interface involving adsorption of
active Mg cation clusters and the in-situ/operando Mg K-edge XANES spectra collected using

this setup. Reproduced with permission.””” Copyright 2020 American Chemical Society.

Additional work on the electrolyte of Mg-ion battery was reported. For example, the
Mg(BH,), coordination chemistry and the effect of ligands were investigated with that in
different solvents, e.g. dimethoxyethane (DME), diglyme (DGM), and THF."®! Based on the

observations, a new electrolyte was developed based on Mg(BH,),, diglyme and LiBH,
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additive. Such an electrolyte exhibit ~100% coulombic efficiency, cycling stability, and no
dendrite formation. Another electrolyte reported recently is inspired by the hydrogen storage
properties of Mg(BH,), electrolytes, in which the magnesium monocarborane, Mg(CB,H,),,
salt was synthesized.® As a simple type of salt compatible with Mg metal with >99%
coulombic efficiency, 3.8V vs. Mg high anodic stability, and non-corrosive nature,
Mg(CB;H),), is suitable for future Mg batteries. A very recent work reported the probing of
non-equilibrium state of condensed mater interfaces and interfacial dynamics transient
processes using operando XAS which runs the CV and collects spectra simultaneously.®”
This work enables to dynamically record interfacial reactions probing the non-equilibrium
state of the electrode interface through XAS measurement.

In short, the in-situ/operando XAS plays a significant role in Mg-ion electrolyte
research. The operando condition makes it possible to observe the transient state, from which
the Mg deposition mechanism is proposed, and the TEY signal enables the revealing of
intermediate species at the electrode/electrolyte interface, assisting in the understanding of the
charge-transfer process in the Mg plating and stripping. The Mg coordination chemistry

information derived from in-situ/operando XAS also assists in the design of new electrolyte

with higher coulombic efficiency and no dendrite formation.

2.1.2 In-situ/operando XAS in cathode research

Selective cathode materials with high operating voltage and specific capacity, fast and
reversible kinetics of Mg** migration, and good cycling stability are also the key component
of rechargeable magnesium batteries.™ Lacking of high-voltage cathodes has become a major
obstacle on the path to make a complete Mg battery. In this section, the employment of (soft)

X-ray absorption spectroscopy in the research of cathode materials, including the
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breakthrough Chevrel phase MosSs, layered materials, polyanionic compounds, spinel
structure oxide, and Prussian blue analog (PBA) electrode will be discussed. 28368801

As a major breakthrough in the Mg-ion battery cathode, the Cheverel phase, Mo¢Ss,
has been used since its first demonstration.*" As shown in Figure 8, theoretical prediction
regarding the charge compensation mechanism of the Chevrel phase is different from most
transition metal compounds as the charge transfer occurs on the anions rather than the
transition metal center.” Mo K-edge and S K-edge XAS studies of the charged
(demagnesiated) and discharged (fully magnesiated) MosSs samples is used to confirm the
theory since it is sensitive to both the electronic structure and the coordination chemistry.
During magnesiation, 1) the Mo K-edge XANES presents no red-shift of the absorption edge,
which validate that there is no reduction; 2) the pre-edge signature feature becomes more
prominent in the S K-edge XANES, attributing to the filling of electronic states at the Fermi
level. Such XANES evidence justifies the understanding of Chevrel phase as an important

category of Mg-ion battery cathode.
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Figure 8. (a) Mo K-edge, (b) S K-edge XANES for various Mg,MosSs (x=0, 1, 2) samples
from simulation and experiment. Reproduced with permission.”™ Copyright 2016 American

Chemical Society.
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The layered material provides 2D transmission channels while providing insertion
sites for Mg** ions. Following the work of a-MnO, in 2012P") Arthur and coworkers
investigated the electrochemical mechanism of K-aMnO, as a high energy density cathode for
Mg-ion batteries, Mn L-edge soft XAS provides surface sensitivity when using the TEY
mode.”?! For samples with various depths-of-discharge, the Mn L-edge soft XAS was
calculated and compared with the measurements. With additional information from
microscopic techniques, a conversion reaction mechanism is proposed, as opposed to the
typical intercalation mechanism in Li-ion batteries. Arthur et al. also deciphered the role of
vanadium and phosphorus in the amorphous V,0s-P,0s cathodes with the V L-edge XAS by
comparing the electronic structure of the V 3d levels in the V,05-P,Os vs V,0s cathodes.®
With addition of the P,Os, a new peak is observed. Increasing to 75:25 mol%, there is a
convergence of the V L; peaks, while beyond a 25 mol% of P,Os, there is a divergence of the
L; region to separate peaks together with the presence of a new peak. With the variation in the
V,05:P,0;s ratio, the change in the XAS spectra linked to the P,Os has been validated. Another
study of the V,0s nanowire was reported by Fu et al. very recently using in-situ/operando
XAS combined with in-situ/operando diffraction techniques.™! The operando cell and the
XAS spectra collected during the first discharge-charge process is shown in Figure 9. With
complementary information from XPS, the in-situ/operando XAS validated the
reduction/oxidation of V during the Mg insertion/extraction for the first time. In other types of
layered material, e.g., TiS,, the fast kinetics of MgCl* cations were probed by Mg K-edge soft
XAS and S K-edge XAS. The Mg K-edge soft XAS confirmed the intercalated MgCl*
maintain tetracoordination of Mg with 1 CI and 3 S atoms, while the S K-edge XAS
confirmed the sulfur coordination chemistry changed upon MgCl* intercalation, reflected by

several signature spectroscopic features performed on (MgCl),TiS, for x=0, 0.5 and 1.
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In the study of polyanionic compounds, an olivine-type MgMSiO, (M = Fe, Mn, Co,
or Ni) is promising to have high Mg-ion diffusivity because the olivine-type structure in
LiFePO, has a 1D path.®**! Such a polyanion compound, Mg,MnSiO,, was studied during the
charge processes using Mn K-edge XANES, from which the oxidation state of Mn could be
derived.® The Mn K-edge EXAFS reveals an increase of local structural distortion of Mn-O
bonds during charging attributing to Jahn-teller effect of oxidized Mn* ions. This work
inspired the use of nanocrystalline MgMnSiO, and MgCoSiO, magnesium metal silicates as
Mg-ion battery cathodes, and improved the specific capacities significantly.”" Similar work to
study the olivine-type Mg, FePO, (x= 0-0.4) at the Fe K-edge were reported very recently. >
In Figure 10a, the edge according to the Fe Is to Fe 4p and to the continuum state was
identified for FePO,.””" With increasing of inserted Mg?**, the XANES shifted to lower energy
region, implicating the Fe ions in FePO, were reduced. In Figure 10b, the XANES shifted

back to higher energy region with Mg?* extraction, validating the Fe ions were oxidized. To

overcome the degradation of FePO, during Mg-ion insertion/extraction, highly defective
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FePO, which does not cause secondary phase formation is promising and studied with
EXAFS, as shown in Figure 10c and 10d. XANES was also used in the probing of another
polyanionic compound Na;V,(PO,); cathode in a Mg-Na hybrid battery, and confirmed the
changes of V oxidation state in the Na;V,(PO,);/NaV,(PO,); samples and the V atoms are

reversible in this redox reaction.’"
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Reproduced with permission.”>**! Copyright 2020 American Chemical Society.
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The spinel oxide with high working voltage and stable 3D ion migration pathway is
also a promising cathode candidate for Mg-ion batteries. XAS also contributed in an Mg(Mn,.
Fe),0, spinel oxide study. The Mn K-edge shifts to lower energy upon discharge and
halfway back to higher energy after charging, and the Fe K-edge shifts to lower energy after
discharge and completely back to its initial position after recharge. Such changes implicate
the charge compensation is realized by variation of the oxidation state change of the
Mn(IT)/Mn(II) redox couple in the Mg(Mn,_Fe,),0, spinel oxides.™ In another Zinc-based
spinel cathode study, XAS spectra measured after discharge/charge were used to validate the
valence states of Ni and Co."**

Prussian blue analog (PBA) electrodes with 3D open channels for ion diffusion and
interstitial sites also benefit from XANES.® The Ni K-edge with a slight reduction at the
edge energy implicates a reduction of the Ni oxidation state, originating from the Ni redox
potential being outside the stability window of the electrolyte. A substantial change in the
white line for Mg charged sample is because of the Ni being in a more symmetric
coordination environment.”® As shown in Figure 11, the Fe K-edge also shift with the state of
charge of the electrodes. The removal of Na results a 0.5 eV shift to higher energies,
indicating 0.5 electron is transferred.” During discharge, for Mg, Zn and Ca samples, the
edge shifts back to where it was for the uncycled state, revealing the Fe oxidation state is
reduced by 0.5. XANES used in this PBA electrode study contribute to a better understanding
and practical implementation of the full cell interactions not only in Mg battery but also Ca
and Zn batteries.

In summary, the (soft) X-ray absorption spectroscopy has been employed in
deciphering the cathode materials, including the magnesiation mechanism of the cheverel
phase Mo06S8, the reduction/oxidation of V during the Mg insertion/extraction. It also inspires

the use of nanocrystalline magnesium metal silicates as Mg-ion battery cathode to improve
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the specific capacities in the study of polyanionic compounds. For the spinel oxide and PBA

electrode studies, XANES validates the valence states and coordination chemistry,

contributing to both a fundamental understanding and the practical implementation of the full

cell interactions.
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Figure 11. XANES spectra for a,b,c) the Ni K-edge and d,e,f,) the Fe K-edge for the PBA
electrode at various states of charge and with Mg, Ca and Zn as insertion ions. Reproduced

with permission.”® Copyright 2016 Elsevier.

2.1.3 In-situ/operando XAS in anode research

Compared with Li, Na, and Ca, the Mg metal could be used directly as an anode since
it is less sensitive to the atmosphere and dendrite-free in the recharging process. However, a
passivation layer is usually formed which insulates the Mg-ion migration. Thus alloy-based
anode to reduce the formation of passivation layers is of significance in current Mg-ion
battery anode studies.™ Inspired by the first published work using bismuth (Bi) with low
reduction/oxidation potential and antimony (Sb) with the high theoretical capacity in Mg-ion
battery””*’! a microsized Bi sample was studied with Bi Li;-edge XANES spectra in which the
energy inflection point of the L;-edge implicates the average oxidation state of Bi. A full
picture of the origin of the enhanced reversible capacity is validated, which in turn benefited

the anode design of a potassium-ion battery as reported recently.!®!

2.2 In-situ/operando XAS in Zn and Ca battery research

The Zn-ion batteries are advantageous over the Li-ion batteries attributing to the high
abundance and large-scale production of Zn, non-toxicity nature, low redox potential (-0.76V
vs standard hydrogen electrode (SHE)), and stability in H,O."""" In a study of the Zn/bilayered
hydrated V,Os by Johnson et al.*!, a rechargeable battery using a nonaqueous acetonitrile
(AN)-Zn(TFSI), electrolyte with a BL-V,05 cathode was investigated using the V K-edge
XANES to probe reduction/oxidation of V on cycling as an indicator of Zn ion intercalation
and V reduction. The oxidation state is derived by comparing the sample with VO, and

orthorhombic V,0s standards. All three electrodes exhibit an edge step between V* and V*
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reference samples, validating the reversibility of the Zn-ion intercalation. A 20% intensity
variation of the peak in the pre-edge near 5470 eV is observed, attributing to the distorted
square-pyramidal bonding in V,0s"%%, and the intensity becomes smaller as the local V
symmetry increases. In a separate study of Zn batteries, a hydrogen-substituted graphdiyne
(HsGDY) is designed as an artificial interface layer and probed with XANES with varying
etching depth (0-10 nm) to confirm its chemical characteristics. The peaks at 285.1 eV, 292.9
eV, 285.6 eV and 288.6 eV correspond to the 7 and o excitations of the benzene ring, alkynyl
and C-O bond, respectively. The distinctive peak at 290.4 eV is a signature of C-H bond and
an exclusive feature of HsGDY and being less in GDY, which determines the formation of a

giant hexatomic ring served as a natural Zn** ion tunnel as is shown in Figure 13.14"
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Figure 12. (a) A schematic diagram of Zn/BL-V,Os cell. (red: oxygen, green: zinc, blue:
vanadium). (b) Normalized V K-edge XANES for pristine, discharged, and charged BL-V,05
in comparison with two vanadium standards, VO, and orthorhombic V,0s. Reproduced with

permission.”**! Copyright 2016 WILEY-VCH Verlag GmbH & Co.
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The progress on Ca-ion battery is slower compared to that of Mg-ion battery, limited
by a breakthrough in Ca plating electrolyte to make the battery reversible."'%! It came recently
by the work from Wang et al. demonstrating the reversible Ca electrodeposition at room
temperature in Ca(BH,),/THF electrolyte."™ A systematic study of the effect of liquid

solvation environment on the electrodeposition is performed by Zavadil et al. very recently
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combining DFT simulations, electrochemical methods, Raman and EXAFS.!"" Zavadil and
coworkers found the reversible electrodeposition is significantly influenced by the dication
charge density and polarizability. The EXAFS spectrum of Ca(BH,),/THF are significantly
different from Ca(BHFIP),/THF in terms of both amplitude and phase (Figure 14a). Based on
DFT calculations, the differences originate from the changes in oxygen coordination around
the Ca?* ion and introduction of Ca-BH, coordination. A distinct feature in the real component
of the Fourier transform is identified around 4 A between the electrolyte of Ca(BH,),/THF and
Ca(BHFIP),/THF (Figure 14b). There are solid evidence for the presence of multimers in the
Ca(BH,), solution. A reaction pathway is proposed based combining the information from
both simulation and experiments, as it is shown in Figure 14c. Very recently, Guo et al. and
coworkers reported a study of the solvation shell structures of Ca* in aqueous and organic
solutions through a combination of XAS, MD and DFT calculations."”' The use of the flow
liquid cell allows electrochemical potentials to be applied which shows implications in
probing transient state species at the interface which can only be observed under in
situ/operando conditions. Calcium L-edge XAS spectra for different concentrations of
Ca(BH,), in H,O and methanol solutions were compared in Figure 15a and Figure 15b. The
two main peaks and two smaller peaks are 3d electrons in t,, symmetry and 3d electrons in e,
symmetry, respectively. The intensity of the peaks is inversely correlated with the
CaCl,-2H,0 concentration in H,O while the intensities are similar for different concentrations
of CaCl,-2H,0 in methanol. Potentials ranging from -0.6 V to +0.4 V were applied on the
working electrode while TEY was being collected, and their differences were compared in
Figure 15c¢ and Figure 15d. Interestingly, when negative potentials are applied, a,, b, peaks
intensities are always larger compared to electrolyte with no potential applied, and the smaller
the absolute applied potential, the larger the intensity. Such variations are because of the

electrostatic interactions between the working electrode and the Ca® cations in aqueous
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solutions. The results indicate that the interface between liquid electrolyte and solid electrode
can be different when electrochemical bias is applied. The TEY surface-sensitive signature
makes it one of the very limited techniques that enable probing of such interfaces in future

battery studies.
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2.3 In-situ/operando X-ray spectroscopy in Na and K battery research

Sodium (Na) battery is another important type of beyond lithium-ion battery
attributing to the depletion of lithium source and corresponding increase cost of lithium.
Similar properties chemically, three orders of magnitude larger abundance, similar

mechanism and similar preparation process compared to Li-ion battery made Na-ion battery a
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promising alternative as a beyond lithium-ion energy storage system.'**' In a study
conducted by Wang and coworkers, XANES was combined with in-situ/operando
transmission X-ray microscopy (TXM) to visualize the phase transformation and 2D
morphological evolution in the first charge/discharge process.!"” Figure 16a describes the
TXM-XANES chemical phase mapping for the selected area during the first discharge cycle.
The average XANES in the circled area (Figure 16a) is depicted in Figure 16b. The Ni
absorption K-edge variation during the solvation is enlarged in the inset of Figure 16b. The
calculated average composition (x in per unit cell) is derived through linear fitting, as shown
in Figure 16¢c. The x value vs the state-of-charge of the battery exhibit monotonic relationship
with slight nonlinearity, suggesting a nonhomogeneous reaction mechanism. Through similar
analysis, a homogeneous reaction mechanism in the first desodiation process. Wang et al.
attributes this interesting phenomenon to the inner crack formation in the sodiation process
from which more surface area is provided for the homogeneous desodiation reaction.
Additionally, these new cracks will also consume more sodium ions in the first discharge
cycle. Information derived from the TXM-XANES will contribute to design of electrode
materials, such as electrode with porous structures, to acquire reversible electrochemical
properties. X-ray nanotomography, in-situ XRD, and electrochemical impedance
spectroscopy (EIS) were also involved in this work to resolve the irreversible capacity and
morphology variations of the metal sulfides. This study proves the microstructure evolution,
intrinsic Na-ion slow diffusion kinetics and two-phase interface slow mobility of ions
contribute collaboratively to the higher irreversible capacity during the first cycle and will
guide the conversion reaction material design to achieve preferred electrochemical activity

and stability.
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Figure 16. Quantification analysis of the selected area for the first cycle. (a) Selected area of
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with permission.!"! Copyright 2018 Elsevier.

Compared to that of Li*, the radius of Na* is larger, thus the currently used Li-ion
battery anode is not suitable for Na-ion batteries.!"””! To address this issue, 2D transition metal
carbides and nitrides, known as MXenes, is catching lots of attention because of their high
electrical conductivity, good stability and large redox-active surface area.!'” As an example,
in the probing of the charge storage mechanism of a 2D vanadium carbide MXene, V,CT,,
where T, are surface functional group, both hard and soft X-ray absorption spectroscopic
methods are used."¥ The XANES of V K-edge measured by hard X-ray exhibits a weak pre-
edge peak at 5470 eV and a strong main absorption peak at 5485 eV, corresponding to the

transition of one 1s electron to the hybridized t,, and e, orbitals, and the dipole allowed
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transition of 1s electrons to unoccupied V 4p states, respectively. This V K-edge XANES
indicates the redox reaction at the transition metal site in MXene is accountable for
electrochemical charge storage. Soft X-ray absorption spectroscopy makes it more convincing
by a direct probe of the dipole allowed 2p-3d transition of the transition metal. The CO;*
content is correlated with the Na* intercalation/deintercalation in the V,CT, electrode. Implied
by the C and O K-edge XAS, some additional charge storage reactions may take place,
however this is not fully understood yet, but the information derived from both hard and soft
XAS are valuable for future Na-ion battery/capacitor anode material studies. Many additional
work reported in recent years in the Na-ion battery research in both anode!"” and cathode!"
materials involve with (soft) XAS.

Similarly, potassium (K) battery received lots of attention for their application in
energy storage because of the abundance of K and its promising intercalation chemistries with
graphite.!'”! Nevertheless, accommodating the large size of K* ions requires the development
of suitable cathode materials, which is usually achieved through designing nanostructures,
increasing crystallinity, using carbon as matrixes for conductivity, optimizing electrolytes,
etc.!"'” In such studies, both XANES and EXAFS together with other X-ray techniques such

as X-ray diffraction (XRD) are used to divulge the valency and the local chemical structures.

[111,112]

3. Other in-situ/operando (soft) X-ray spectroscopy techniques

In section 2.3 regarding the involvement of (soft) X-ray absorption spectroscopy in the
study of Na-ion batteries, transmission X-ray microscopy (TXM) as an additional X-ray
technique, has been introduced. Here in this section, a few examples of using resonant
inelastic X-ray scattering (RIXS) in the investigation of beyond lithium-ion batteries will be

presented.
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RIXS, together with XAS and XES, belongs to the core-level X-ray spectroscopy
which involves the excitation of core-level electrons of an element of interest.!®"! XAS, XES
and RIXS are relevant to decay processes after the excitation, which corresponds to the
unoccupied states, occupied states, and detailed band structure and low excitations,
respectively.[® RIXS with the capability to distinguish the same element with inequivalent
chemical environment is ideal to deal with electronic band structure and elementary
excitations. It has been used in the investigation of various battery systems, such as the
monovalent manganese for sodium-ion batteries!'®, the phase transitions in the magnesium-
sulfur batteries!""”), and the chemical state of oxygen in cathode systems with active oxygen
redox reactions.!""*'"! Spectroscopic studies regarding O, based on oxygen K-edge XAS and
RIXS at particular excitation energies have been studied since decades ago.!"'*'"®! While these
investigations show interesting results on vibrational coupling, Yang and coworkers reported
the oxidized oxygen displays two characteristic features in mapping of RIXS (mRIXS).!""
Such mRIXS across a wide range of energy range of both excitation and emission energies is
crucial in the investigation of nondivalent oxygen states. For example, figure 17 provides a
direct comparison of the full energy range O-K mRIXS results collected from gas phase O,,
Li,O,, and the oxidized oxygen state in both Li-ion and Na-ion battery electrodes.’®” The
direct mRIXS comparison between the solid samples and gas phase reference shows the
general similarity of the oxidized oxygen states, however, indicates the different nature of the
states in the molecular systems and the transition-metal oxide electrodes.'"” The oxygen
redox states in batteries show distinct widths and positions along the excitation energy
compared to Li,O, and O,. The full mRIXS profile indicates varying distributions of these
oxidized oxygen features along excitation energies, Li,O, shows the longest distribution and
O, has the shortest, with a color scale showing the same emission energy expansion. Thus, the

oxidized oxygen state nature in such oxide electrodes is beyond a simple molecular
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configuration of O, or peroxide. This work clarifies some speculations regarding the oxidized
oxygen state while a systematic understanding of such oxygen redox is still undergoing and

requires more efforts in the fundamental physics perspective.

Li,O, NMMO Li-Rich NMC 0,

4]
L

Excitation Energy (eV

520 525 530 535520 525 530 535520 525 530 535520 525 530 535
Emission Energy (eV)

Figure 17. Mapping of RIXS (mRIXS) profile of oxidized oxygen states in Li,O,, charged
NMMO (Na,sMg,sMn,;0,), Li-rich NMC and O, Reproduced with permission.!?"

Copyright 2020 American Chemical Society.

4. Perspectives of in-situ/operando X-ray spectroscopy in beyond lithium-ion batteries
Considering the cost, safety, energy density, cycling life and abundance, beyond
lithium-ion batteries are of primary interest to meet “the challenge in the design of an
electrochemical technology that can perform safely the task of electrical-energy storage and
recovery at a rate and cost that are competitive with the performance of the well-established

fossil fuel technologies”, from a perspective of the battery pioneer J. B. Goodenough.!"*!"! In
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this article, we have reviewed the application of in-situ/operando (soft) X-ray spectroscopies,
including (soft) XAS and other techniques such as TXM, and RIXS in the advancing of our
knowledge in various beyond lithium-ion batteries. The development of in-situ/operando
experimental setup will also shed more light on the transient interfacial processes. A new
beamline here at ALS, Advanced Materials Beamline for Energy Research (AMBER), is
about to become available which will be dedicated for in-situ/operando soft X-ray
spectroscopies including XAS, XES and RIXS to allow the study of surfaces, interfaces and
bulk electronic structure of novel energy storage materials.!'**!

Being part of the Joint Center for Energy Storage Research (JCESR), our goal is to
attain a unified understanding of the ion solvation and its variation at the atomic level, through
which the ion solubility, reactivity and stability can be regulated in a controlled manner,
leading to breakthroughs in energy storage science. To solve the questions in remain such as
calcium solvation, charge transfer at electrolyte/electrode interfaces, these cutting-edge in-

situ/operando (soft) X-ray spectroscopy techniques will play the irreplaceable role while their

unique capabilities will also benefit a broader science community.
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