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Abstract

A method for  performing  X-ray  absorption  spectroscopy (XAS)  in  the  soft  X-ray
region  was  developed to  investigate  the  surface-sensitive  electron  signal of
electrode/electrolyte interfaces in common multivalent based organic solvents under
in situ/operando conditions. Our approach enables us to probe the  molecular-scale
structure of electrode interfaces by measuring total  electron yield and is suitable for
redox systems exhibiting low intrinsic electrochemical current. In-situ F K-edge XAS
measurements  in  a  0.5  M  Magnesium  bis(trifluoromethanesulfonimide)/2-
Methyltetrahydrofuran (Mg(TFSI)2/2-MeTHF) electrolyte  were  carried  out  to
determine  the  evolution  of  interfacial  species during  the  electrochemical
charging/discharging process. Time-dependent  density-functional  theory  (TD-DFT)
simulation indicate that the F K-edge evolution is the result of interfacial chemical
environment change driven by electrochemical potential.  In addition, we performed
the “operando XAS” which runs the CV and collects spectra simultaneously. By using
this method, the non-equilibrium state of condensed matter interfaces and interfacial
dynamical transient process can be revealed.
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1. Introduction
The  last  several  decades  have  seen  a  renaissance  of  electrochemistry.  An

understanding  and  control  of  electrochemical  processes  are  essential  for  the
development  of  sustainable  new  battery  systems  to  enable  cost-effective  energy
storage  [1-5].  As  the promising  candidate  for  the  post-lithium-ion  batteries,  non-
aqueous  multivalent  (e.g.,  Mg2+,  and  Zn2+)  metal  cells  provide  an  attractive
opportunity  in  energy  storage  devices  because  of  higher  theoretical  volumetric
capacity of a multivalent  metal anode and the restricted dendrite formation on the
surface of the anode [6-8]. The development of compatible multivalent electrolytes
with a metal anode and reversible multivalent intercalation cathodes is a significant
challenge  requiring  extensive  investigation  on  fundamental  understanding  of
electrolyte and electrode properties and behavior [9, 10].

In  the  battery  systems,  the  interactions  at  the  electrode/electrolyte  interfaces
which dictate the battery performance are at the heart of innovation. Understanding
what surface structures form while operating the electrochemical cell at certain bias is
of  particular  interest.  The  electrochemical  cell  stability  is  largely  an  interfacial
phenomenon  whose  description  requires  an  accurate  dealing  with  issues  of
oxidation/reduction potentials [11-15], the explanation for the charge redistributions
[16, 17], and modeling of voltage-dependent of the chemical reactions, and the related
transition pathways [18, 19]. In comparison to simple cations solvation evident in
aqueous  solutions,  complex  multivalent  based  organic  salts  demonstrate  a
considerable  degree  of  contact-ion  pairing  in  common  organic  solvents  even  at
relatively low concentrations [20-23]. In addition, these condensed matter interfaces
are only to a limited extent approachable to experimental surface analytic methods,
especially under operating electrochemical conditions.

Recent  technological  advances  have  made  it  possible  to  extend  powerful
microscopy  and  spectroscopy  to  characterize  the  molecular-scale  structure  of
electrode  interfaces.  Transmission  electron  microscopy  [24],  X-ray  photoelectron
spectroscopy  [25-27],  and  X-ray  absorption  spectroscopy  (XAS)  [28-32],  from
vacuum  to  ambient  environments  and  operating  with  electrochemical  potential
control,  provide new opportunities  for  in-situ investigation  of  electrode/electrolyte
interfaces. XAS, which is sensitive to the local structure and chemical environment, is
element-specific and provides information  regarding the electronic structure of the
excited atom. Previous studies using  in-situ XAS to characterize battery electrodes
were limited to acquisition of the photon signal, which probes micrometers of depth,
masking the relevant interfacial information [28, 31, 33]. Collection of the surface-
sensitive  electron  signal  for  an  in-situ liquid  electrochemical  cell  has  only  been
demonstrated using x-ray source intensity modulation for aqueous electrolytes [29,



30]. For instance, Velasco-Velez  et al. probed the water interfacial reaction on the
gold electrode [29] and Wu  et al. discovered the molecular  structure evolution of
aqueous  sulfuric  acid  on  platinum  electrode  [30].  In  addition,  Schön et  al.,
demonstrated that XA spectra can also be obtained without modulation of the X-ray
beam,  termed  as  total  ion  yield  (TIY)  [34].  However,  the  electronic  structure  of
electrified solid−liquid interfaces was acquired at several selected potentials. Hence, it
is  eager  to  develop  a  method  which  can  truly  investigate  the  dynamic  interfacial
molecular  structure  of  electrode/electrolyte,  for  instance,  the  electrode/electrolyte
interaction in the battery system.

We further  advance the  in-situ XAS technique by demonstrating methods for
acquisition  of  the  surface-sensitive  electron  signal  while  controlling  electrode
potential.  Moreover,  we  conduct  the  real  “operando XAS”  experiment  in  which
spectral  data  is  acquired  simultaneously  with  the  voltammetric  response  of  the
electrode interface, revealing  transient interfacial processes. Notable is the ability to
dynamically record  interfacial  reactions probing  the non-equilibrium  state  of  the
electrode interface through XAS measurement.

2. Experimental
2.1 Beamlines

In-situ/operando synchrotron-based  XAS experiments  were  conducted  on  the
beamlines 8.0.1 and 7.3.1 of Advanced Light Source (ALS) at Lawrence Berkeley
National Laboratory. In this facility, the undulator (U5) beamline 8.0.1 has a spherical
grating  monochromator  provide  a  linearly  polarized  photon  beam with  an  energy
range from 80 eV to 1250 eV and a resolving power up to 5000, and bending magnet
beamline 7.3.1 provide a linearly polarized photon beam with an energy range from
250 eV to 1400 eV and a resolving power up to 3000. XAS spectra were collected by
measuring  the  total  electron  yield  (TEY)  and  the  total  fluorescent  yield  (TFY)
simultaneously in each experiment.  TFY is a bulk-sensitive technique because the
mean free path of photons is in the micrometer range. In contrast, TEY is a surface-
sensitive technique because the electron penetration depth from the working electrode
(e.g. the interface of interest) is limited within a few nanometers. All XAS spectra
have been normalized by the incident beam, which is measured by a clean gold mesh. 

2.2 Electrolytes 
All chemical preparations were performed in an Ar glovebox (Mbraun, H2O < 5 ppm,
and O2 < 3 ppm) at room temperature. Prior to the electrolyte preparation, Mg(TFSI)2

(C4F12MgN2O8S4, 97%, TCI) and Zn(TFSI)2 (C4F12ZnN2O8S4, Solvionic, 99.5%) were
dried under vacuum for 12 h at 150 and 120 °C, respectively. Predetermined amounts



of Mg(TFSI)2 and  Zn(TFSI)2 were added to  2-MeTHF (Merck, >98%) and stirred
overnight. The solutions were then set aside for further utilization.

2.3 In-situ/operando electrochemical system
The  static liquid electrochemical cell was operated inside the main chamber of

the wet-RIXS endstation of the beamline 8.0.1 and 7.3.1 at a background pressure of
∼10−9 mbar. Fig. 1a shows a side view of the cell. The structure of the cell has been
reported in our previous study. [30] Briefly, 50 μL liquid is loaded in a polyether ether
ketone (PEEK) based holder and sealed using an ultrathin x-ray transparent Au coated
Si3N4 membrane and a perfluoro elastomer O-ring. The membrane serves as a working
electrode (WE) for which potential is controlled either in a two electrode in-situ or a
three  electrode  operando configuration.  In-situ measurements  employed  a  Pt  wire
counter electrode (CE) and cell potentials were applied with the offset bias control of
a low noise current preamplifier (SR570, Stanford Research Systems) used to measure
the  x-ray  induced  electron  signal.  Operando measurements  were  made  with  a
potentiostat (Biologic SP-200, Seyssinet-Pariset) using either Mg or Zn wire counter
electrodes  (CE),  depending  on  the  electrolyte  under  study,  with  a  Pt  wire  quasi-
reference electrode (qRE). 

 

Fig. 1. A schematic diagram of the electrochemical cell. In this study, Au coated Si3N4 window, Pt wire

and Zn(Mg) wire are used as working (WE), reference (RE) and counter (CE) electrodes, respectively.

Both TEY and TFY signals were collected. 

2.4 TD-DFT simulation of F K-edge XAS
DFT  Calculations  were  carried  out  using  the  package  ORCA  4.0.1  on  the  high
performance supercomputing cluster Lawrencium at the Lawrence Berkeley Lab. The
initial structures were built from scratch and then geometry optimized [35]. TD-DFT
calculations were completed on the optimized structures to model XANES spectra



using the  transitions  from the  F  1s  to  probable  unoccupied  orbitals  [36].  All  the
calculations were done using the B3LYP functional [37], def2-TZVP basis set [38],
SARC/J auxiliary basis set [39], with ZORA [39] in THF solutions using the PCM
model [40, 41].

3. Results and discussion

3.1. In-situ studies
To  investigate  the  electrode/electrolyte  interface  under  reaction  conditions,  a

surface sensitive TEY signal without substantial interference from the bulk electrolyte
is  critical  for  the  electrochemical  system.  In  contrast  to  dominant  intrinsic
electrochemical current, the incident x-ray induced TEY signal is relatively low and
hard to separate from the intrinsic signal. It should be mentioned that although there
are techniques to detect a weak electron signal at the interface, the background noise
level  may  increase  as  multiple  electronic  devices  are  introduced  into  the  data
collecting system. Additionally,  for a battery system which acts as a capacitor,  the
periodic  photon  current  will  influence  the  stability  of  the  electrolyte/electrode
interface and the spectra may change accordingly since it is sensitive to the interfacial
electronic structure. Thus, it is important to set up the system correctly for different in-
situ/operando studies.  To  minimize  the  influence  on  the  stability  of  the
electrolyte/electrode interface, a different set-up, i.e. normal mode, was used to collect
the TEY signal.  The time-resolved F K-edge TEY signal  from the electrochemical
static  liquid cell  with 0.5 M Mg(TFSI)2/2-MeTHF at  open-circuit  potential  (OCP)
with x-ray illumination was plotted in Fig. 2a. The spectra were recorded continuously
and each spectrum took about 400 seconds, and the inverted intensity was caused by
the opposite electron refilling direction. As a function of time, the TEY signal slowly
decayed, eventually showing lower background currents and the F featured peaks at
688-694 eV. Although the main feature of the F K-edge in Fig. 2a was broad and not
clear enough to distinguish each peak, this set-up to probe the interface-sensitive TEY
is still very promising after background subtraction and normalization.
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Fig. 2. (a) The time-resolved F K-edge TEY signal of 0.5 M Mg(TFSI)2/2-MeTHF at OCP with X-ray

illumination. The spectra were taken continuously and the interval time between each spectrum is 5

minutes.  (b)  Sample  currents  of  0.5  M Mg(TFSI)2/2-MeTHF at  different  potentials  without  X-ray

illumination. It takes about 0.5 ~ 1 h to reach the equilibrium state.

To provide a systematic understanding of the in-situ set-up to collect the interface
sensitive TEY, the faradic and background current generation mechanism should be
clarified. Sample currents of electrochemical static liquid cell (0.5 M Mg(TFSI)2/2-
MeTHF) implemented at different potentials without X-ray illumination are shown in
Fig.2b. Once the current circuit formed, the sample current started to decay and then
became stable. The larger the bias applied, the longer the time required to stabilize the
faradic and background currents. The process of approaching the current steady state



can infer from the discharging of the whole system and the rearrangement of ions in
electrolyte. When the higher the bias is applied, the longer the time is required to
stabilize. It is notable that the decaying sample currents are correlated with the curve
shape. To obtain the reduced TEY spectra, subtracting the faradic and non-faradaic
background current before normalization is essential. 

After removal of the background current, the main feature of F K-edge of 0.5 M
Mg(TFSI)2/2-MeTHF operating at several chosen potentials in TEY mode is depicted
in Fig. 3a. These spectra are quite different from the initial, as equilibrated OCP to -
1.95 V (vs. Pt) and they show substantial variations as a function of the decreasing
electrode potential.  These spectra can be divided into two regions. The first region
contains a narrow peak A, located below the F K-edge absorption threshold (~690 eV)
[42].  The second region is  dominated  by the broader absorption bands B that  are
located  near  the  absorption  threshold  (~694 eV)  [43].   A similar  F  K-edge TEY
spectra is measured for 0.5 M Zn(TFSI)2/2-MeTHF at equilibrium as shown in Fig.
3b, indicating that TFSI- assumes a similar interfacial conformation at an equilibrated
Au interface with both electrolytes. The peaks labeled as A and B can be assigned to
the F 1s electron transitions to π* (C-F) and σ* (C-F) unoccupied molecular orbitals,
respectively [43, 44]. Detailed TD-DFT simulation results are described in section
3.2.

Considering the shallow probe depth for the TEY mode,  we observe spectral
changes related to electrolyte decomposition that yield surface film formation for the
Mg(TFSI)2 electrolyte. The TEY data of Figure 3a show the dominant intensity shifts
from peak A to B with increased reductive polarization toward -1.95 V vs. Pt, just
above the  onset  for  Mg metal  deposition.  When the potential  is  returned to  open
circuit (0 V vs. Pt), the TEY spectrum is unchanged indicating an irreversible change
has  taken  place  in  the  F  molecular  identity  and/or  environment.  Reference
voltammetry  of  this  electrolyte  yields  cathodic  current  signaling  electrolyte
decomposition with the earliest change in TEY line shape (-1 V vs Pt). In contrast to
this change in TEY response, the TFY spectra in Fig. 3b exhibit no change in line
shape  over  this  potential  range,  demonstrating  that  TFSI  anion  decomposition  is
restricted to the electrode surface. These F K-edge TFY spectra are similar to those of
previous reports where the main edge measured at 692 eV is attributed to the −CF3

group of TFSI− [42]. Note that in this system, the probing depth of TEY mode is about
1~2 nm while it’s over 100 nm for TFY mode, the spectra comparison in TEY and
TFY modes indicates the significant difference of the interface and bulk evolutions at
different  potentials.  This  contrast  in  electron  and  fluorescent  yield  measurements
highlight TEY as a crucial technique to understand the molecular-scale structure of
electrode-electrolyte interfaces. 



Such  electrode/electrolyte  interfacial  reactions  can  be  studied  systematically
across electrolyte type through replacement of cation, anion or solvent. We show an
example of replacing Mg with Zn to determine the extent to which a decomposition
reaction impacts Zn electrodeposition. The data of Fig. 3c, d similar equilibrium (open
circuit) TEY and TFY spectra as Mg as expected for two divalent cations of similar
charge radius. Where a similar loss in peak A relative to B TEY intensity is observed
for a small anodic polarization of +0.17 V vs. Pt, subsequent cathodic polarization
restores the original line shape with no discernable change in the bulk TFSI -  spectra
(TFY). We propose anodic decomposition of the electrolyte involving the anion result
is reversible adsorption of a F containing product that does not affect subsequent Zn
electrodeposition on or alloying with the Au WE. Further study need to be carried out
in the future to understand the difference between Mg(TFSI)2 and Zn(TFSI)2 based
system.

Fig. 3. (a, c) TEY and (b, d) TFY of F K-edge XAS in 0.5 M Mg(TFSI)2/2-MeTHF and Zn(TFSI)2/2-

MeTHF, respectively. The ratio of the peak A and B variation as a function of applied potential (vs. Pt)

in both electrolytes has been observed.

3.2 DFT Calculation and possible interfacial species
    The geometry optimized structures of the TFSI- with and without the Mg2+ counter
ion are shown in Fig.4. It should be noted that without the counter ion, the TFSI- tend



to  have the  bulky groups stay apart  to  minimize the total  steric  effect.  When the
counter  ion  is  present,  the  TFSI- tend  to  have  all  the  negatively  charged  groups
wrapped around the positively charged counter ion.  Such changes in the molecular
structure and chemical environment are reflected in the simulated spectra (Fig. 4). The
lower energy peak at 691 eV, which is assigned as the F 1s to the C-F π* transitions,
representing  more  delocalize  oribtalsare  more  delocalized.  This  assignment  is
consistent with experimental findings that at reducing voltage, most of the Mg2+ ions
undergo decomposition from the gold surface, thus most of the TFSI- in the solvent
are in free form. In addition, the contribution of the π*(C-F) peak was largest at nearly
perpendicular  orientation  to  the  electrode,  whereas  the  σ* (C-F)  at  about  694 eV
became prominent at grazing incidence. The relative intensity of π * and σ* transition
can be interpreted as TFSI− complex rotation while applying the bias and approaching
to the electrode [23, 31, 45]. 
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Fig. 4. The experimental (solid line) and simulated (dash line) F K-edge spectra of TFSI- ions at initial

equilibrium and at  a  reducing  potential  close  to  the  deposition  potential.  The geometry  optimized

structure with and without Mg2+ counter ions are plotted next to the simulated spectra of possible

interfacial species under different potentials. The corresponding density of unoccupied states at F K-

edge are presented at the bottom shown in blue and black vertical bar, respectively.

3.3 Operando XAS measurements
As described above, we have performed in-situ XAS measurements on different

systems  at  fixed  potentials.  These  results  can  help  to  understand the  evolution  of
electrolyte/electrode interface at equilibrium states. However, one may note that for
real battery cycling, the electrolyte/electrode interfaces are always at non-equilibrium



states,  which implies that the potential  at  the interface is  actually not fixed. Thus,
comparison of the two different type of interface is necessary for building the interface
model correctly. To meet this aim,  operando XAS is performed by connecting the
three  electrodes  with  a  potentiostat  which  runs  the  CV  when  the  electron  signal
generated by incident x-ray illumination was recorded simultaneously (Figure 5).  

Fig. 5. Operando XAS experiment set-up. WE (red), RE (blue) and CE (yellow) are connected to

potentiostat while the window is connected to pre-amplifier for XAS spectra collection during cell

cycling.

We take 0.5 M Zn(TFSI)2/2-MeTHF as an example and the operando F K-edge
TEY-XAS together with CV to spectroscopically probe the non-equilibrium state of
the electrode interface (Fig.  6a). The left  panel of Fig.  6a shows the voltammetric
response of an Au working electrode at room temperature at a scan rate of 6 mV/s
versus a Zn wire reference electrode and a Pt counter electrode. A significant change
of intensity ratio of peak A and B (around 691 eV and 694 eV) at 0 V and 1 V is
observed  while  the  intensity  of  these  two  peaks  is  unchanged  throughout  the
remainder of the potential range. Additionally, we find the peak ratio of A and B are
different at the same potentials  in the potential step (Fig. 3c) and CV experiments
(Fig.  4a),  indicating  that  the  interfacial  chemical  environment  at  equilibrium/non-
equilibrium  state  are  not  the  same.  Moreover,  after  subtracting  the  background
between 686 eV and 700 eV, the integrated areas of F K-edge TEY signal (area above
the background) as a function of potential is presented in Fig. 6b. The evolution of
intensity  can  be  divided  into  three  regions:(1)  The  region   undergoes  chemicalⅠ

decomposition involving either anions or solvent, which leads to irreversible reactions,
electrolyte loss, and possible deposition of decomposition products on the electrode
surface.  The  high  concentration  of  TFSI− anions  increases  ion-pairing  possibility,
which in turn leads to a higher number of TFSI− anions being exposed to the transient



metal ion radical and subsequent decomposition. Region  and  can be assigned asⅡ Ⅲ

double layer formation and pre-alloying reaction, respectively. On the basis of the in-
situ/operando XAS measurements, the reductive decomposition of TFSI− should occur
at the potential of that in region . Although further experiments and computation needⅠ

to  be  carried  out  to  build  a  complete  interfacial  model  describing  the  impact  of
electrochemical  potential,  we  have  demonstrated  that  operando XAS can  be  a
promising  tool  to  probe  the  physicochemical  processes  taking  place  in  an  active
sensing element in real time and under operating conditions, offering insight into the
electrochemically  active species  or deactivation mechanisms. The understanding of
electrolyte/electrode  interaction  responsible  for  SEI  effects  will  lead  to  increase
stability of the electrolytes at high potential and thus to the development of better
battery. 
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Fig. 6. (a) F K-edge TEY XAS map vs. potential between working electrode and reference electrode.

0.5 M Zn(TFSI)2 in 2-MeTHF is used in this operando experiment. The operando XAS was collected

in the solid line region. The F K-edge intensity change is shown in (b). The dark blue, orange and

purple symbols are the integrated area of F K-edge in the different stages in (a).

4. Conclusions
In this work, an  in-situ/operando XAS experimental method was established to

study the electrode/electrolyte interface in non-aqueous solutions. The in-situ set-up is
designed to obtain TEY signal from the  interfaces in  low  intrinsic electrochemical-
current systems. By using this method, the changes of  F K-edge TEY main features



were observed in two different systems, indicating the evolution of interfacial species
at different potentials. These results are also confirmed by TD-DFT simulation. For
comparison,  by collecting XAS spectra  during CV cycling in  0.5 M Zn(TFSI)2/2-
MeTHF system, the interface transient process at non-equilibrium state is proposed.
This underlying thermodynamic mechanism for interfacial species from the electrolyte
to  the  electrode  surface  can  be  essential  for  a  fundamental  understanding  of
electrochemical reactions, with applications in the battery field.
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