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ABSTRACT: The electrochemical potential difference (Δμ̅) is the driving force for the
transfer of a charged species from one phase to another in a redox reaction. In Li-ion
batteries (LIBs), Δμ̅ values for both electrons and Li-ions play an important role in the
charge-transfer kinetics at the electrode/electrolyte interfaces. Because of the lack of
suitable measurement techniques, little is known about how Δμ̅ affects the redox reactions
occurring at the solid/liquid interfaces during LIB operation. Herein, we outline the
relations between different potentials and show how ambient pressure photoelectron
spectroscopy (APPES) can be used to follow changes in Δμ̅e over the solid/liquid
interfaces operando by measuring the kinetic energy (KE) shifts of the electrolyte core levels. The KE shift versus applied voltage
shows a linear dependence of ∼1 eV/V during charging of the electrical double layer and during solid electrolyte interphase
formation. This agrees with the expected results for an ideally polarizable interface. During lithiation, the slope changes drastically.
We propose a model to explain this based on charge transfer over the solid/liquid interface.

KEYWORDS: electrical double layer, ambient pressure photoelectron spectroscopy, operando spectroscopy, electrochemical potentials,
lithium-ion batteries, electrochemical reactions, electrode/electrolyte interface

■ INTRODUCTION
The driving force for redox reactions in a Li-ion battery (LIB)
is the differences in electrochemical potentials between
different phases, where a transferable species will strive to
move from a phase with higher electrochemical potential to a
phase with lower electrochemical potential. The electro-
chemical potential of a charged species i in phase α is defined
as the energy required to move the species from vacuum at
infinity and add it to the phase. The electrochemical potential
μ̅i
α is sometimes separated into one contribution from the

chemical potential and one contribution from the electrostatic
potential according to the following equation:1−3

zi iμ μ ϕ̅ = +α α α
(1)

where μi
α is the chemical potential of species i in phase α, z is

the unit charge, and ϕα is the electrostatic potential of the
phase. To facilitate the comparison to spectroscopy, μi

α and μ̅i
α

are given in eV throughout the manuscript. The separation of
chemical potential and electrostatic potential is, although only
conceptual, useful because a change in chemical potential is
local and depends on the change in the chemical environment,
while a change in the electrostatic potential of the phase will
affect any species with the same charge in the same way.
In LIBs, both non-Faradaic reactions and Faradaic reactions

generally occur. The Faradaic reactions in a LIB are the
lithiation/delithiation reactions where Li-ions and electrons are
transferred between the positive and negative electrodes during
charge and discharge. When applying an external voltage

between the LIB electrodes, the first process to occur is usually
charging of electrical double layers (EDLs) at the electrode/
electrolyte interfaces.4,5 This process will alter the electrostatic
potential difference (Δϕ) between the electrode and electro-
lyte. When the external voltage is further increased,
decomposition of components in the EDL region can occur,
and a solid electrolyte interphase (SEI) forms on the surface of
the negative electrode as a result of redox reactions.6−9 The
onset of SEI formation depends on the electrolyte solvents and
salts used; however, for typical organic electrolytes used in
LIBs, the electrolyte reduction occurs primarily below ∼1 V vs
Li+/Li.9,10 Depending on the reduction potential of the
electrode, lithiation can occur before or after SEI formation.
If lithiation occurs at a voltage below electrolyte reduction, a
well-functioning SEI is essential to obtain a stable and safe
battery performance.10,11

During the transfer of charged species between the electrode
and electrolyte, both μi and ϕ can be altered. However, ϕ can
be changed much faster than μi, and thus, equilibrium can be
achieved faster for charged species compared to neutral
species.1,2 It can be important to note that a species with
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high mobility (such as an electron in a conductive phase) can
be at equilibrium, even though the overall redox reaction is not
at equilibrium. The movement of charged species will affect the
magnitude and spatial distribution of any potential drop
(electrostatic or electrochemical) over an interface and have a
fundamental influence on the charge-transfer kinetics for a
heterogeneous reaction.1,2 Thus, understanding the electro-
chemical processes occurring at the interfaces is crucial for
understanding the properties of any electrochemical device.
Photoelectron spectroscopy (PES) is one of the main tools

that have been used to study interfaces in batteries. Early
measurements performed already in the 1980s have shown that
an EDL that is charged by applying a voltage to an electrode
immersed in an electrolyte, in many cases, largely remains at
the electrode surface even during measurements performed in
ultrahigh vacuum.12 The EDL then induces a binding energy
(BE) shift of the species outside the outer Helmholtz plane
because of the electrochemical potential difference over the
EDL.13,14 Similarly, PES measurements on cycled electrodes
measured post-mortem have shown that Δμ̅ is also present
between the electrode and the SEI under high-vacuum
conditions, and that the size varies with the electrode state
of charge.15,16 However, traditional PES does not allow for the
presence of volatile compounds such as typical LIB electrolyte
solvents. This means that the chemistry of the interface and the
interfacial electrostatic properties cannot be studied under real
operating conditions with traditional PES. The influence of Δμ̅
on the charge-transfer kinetics and redox reactions occurring at
the solid/liquid interfaces in a battery is therefore still far from
understood.17

Using ambient pressure photoelectron spectroscopy
(APPES),18 it is possible to include and study liquid LIB
electrolytes under realistic conditions. In our previous work,
we have used APPES to demonstrate concepts involving the
analysis of LIB electrolytes during static conditions,19,20 to
enable the development of operando APPES studies on LIBs
and their electrolytes.21 Axnanda et al.,22 Lichterman et al.,23,24

Favaro et al.,25 Ali-Löytty et al.,26 and Yu et al.27 have made
significant contributions to the APPES methodology develop-
ment for electrochemical interfaces, particularly in studies of
changes in the spectroscopic response caused by applying an
external voltage. It has been shown that an approximate 1:1
correlation is typically observed between the shifts in the
kinetic energy (KE) of the APPES peaks stemming from the
electrolyte, and the applied voltage.23,24,26

In this work, for the first time, we take an important step
toward understanding functional LIB interfaces by analyzing
liquid electrolyte-based LIB model systems during lithiation
with operando APPES. The change in the KE of the electrolyte
peaks is followed as a function of applied voltage to the
working electrode (WE). Our results show a deviation from
the generally expected shift in the KE of 1 eV/V during
lithiation. To explain this, we propose a model based on the
change of the electrostatic potential of the electrolyte ϕel when
charge transfer (i.e., Li-ion transfer) occurs as a result of the
driving forces to equilibrate the Li-ion electrochemical
potential μ̅Li+.

■ METHODS
APPES measurements were performed at the HIPPIE beamline at the
MAX IV synchrotron facility, Lund, Sweden.28 All measurements
were performed at a set photon energy of 1800 eV. The beam size was
approximately 25 × 50 μm (vertical × horizontal), with an incident

angle of 55°, with respect to the sample normal. The photoemission
was measured in the normal emission geometry. The spectra were
recorded with a Scienta Hipp-3 analyzer, with a cone opening of 0.3
mm. The pressure was maintained as constant as possible at about 0.3
mbar [argon and propylene carbonate (PC) vapor] during all
measurements.

The investigated WEs in this work were either a sputter-deposited
Au thin film (100 nm) on a Cu substrate or a piece of metallic Cu
with a native oxide. The Cu spectra show that the Cu electrode
consists of Cu metal as well as Cu oxides and hydroxides, see Figure
S1. The counter electrode (CE) was a composite electrode
comprising LiNi1/3Mn1/3Co1/3O2 (NMC) polyvinylidene difluoride
(polymeric binder) and carbon black (conductive additive) coated on
an Al substrate. A Li-metal piece was attached to the end of a 1 mm
diameter Cu wire and used as a reference electrode (RE). All
electrodes were pristine; thus, SEI formation is expected to occur
during the first lithiation.

A three-electrode cell setup was used during the operando APPES
measurements. The WE was connected to the same electrical ground
as the spectrometer. As the electrolyte, a 1 M solution of LiClO4 in
PC was used. The electrolyte was degassed for several hours in the
analysis chamber at a pressure below 1 mbar prior to the
measurements. During APPES measurements, the cell was immersed
in the electrolyte contained in a polytetrafluoroethylene (PTFE)
beaker.

Figure 1(a) shows a photograph of the three-electrode setup with
the Au WE in front of the APPES analyzer front cone. The copper

wire onto which the Li-metal RE was attached, and the NMC CE
(coated on an Al substrate) are visible behind the WE. All electrodes
were attached to the upper sample holder and were dipped into the
electrolyte contained in the PTFE beaker (white in picture). In Figure
1(b), the same three-electrode setup is described in a schematic
manner (not to scale), where the electrical connections and the angle
of the incoming synchrotron light are also illustrated. The APPES
measurements were conducted at the meniscus established after a dip-
and-pull maneuver,29 at a position where the electrolyte meniscus was
thick enough to exclude any PE signal from the WE. This means that
the liquid layer is thicker than the probing depth; which for electrons
with a KE of ∼1500 eV in PC can be estimated as ∼15 nm.30

Figure 1. Experimental three-electrode cell setup for operando
APPES. (a) Photograph of the operando ambient PES cell setup. (b)
An idealized side view of the three-electrode cell setup with the WE,
RE, and CE. At the point where the incident synchrotron light (hν)
illuminates, the liquid electrolyte meniscus and the outgoing
(photo)electrons are indicated.
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Moreover, for the electrolyte concentrations used here, the EDL
thickness is expected to be in in the order of a few Å.31 As a result, the
components in the EDL do not contribute to the APPES peak
intensity or shape.
A BioLogic potentiostat was used to perform the electrochemical

measurements. The open-circuit voltage (OCV) between the WE and
RE was about 3 V, and the voltage was then decreased in
potentiodynamic steps to a series of fixed voltage values. At every
fixed voltage, the current was allowed to reach a stable value in the μA
range (see Table S1 and Table S2), before APPES measurements
were conducted. During electrochemical cycling, the electrodes were
dipped into the electrolyte beaker to approximately 10 mm depth.
During APPES measurements, the electrodes were partly retracted
from the beaker (by approximately 3 mm) to form a liquid meniscus
on the WE surface that could be probed with APPES. To make sure
the liquid film was continuous during the full operando APPES
measurements, the electrodes were redipped to the same position in
height every time the voltage was changed. For APPES measurements,
the sample (WE) was stepwise moved sideways to ensure that the
analyzed spot was fresh and free from radiation damage. On each
sample spot, the C 1s, O 1s, and Cl 2p regions were measured. An
entire measurement series took approximately 17 h for the Au system
and 5 h for the Cu system.
All spectra are presented as measured, that is, no energy calibration

is applied. Data analysis was carried out using Igor Pro (version 6.37).
To fit the PC molecule emissions in the C 1s spectra, three peaks with
a fixed 1:2:1 intensity ratio were used, and their energetic spacing was
fixed to the KEs of 3.7 and 5.7 eV higher KE compared to the
carbonate peak. Voigt profiles were used for peak fitting with a
Lorentzian contribution to the full width at half maximum
[FWHM(L)] of 0.1 eV and a Gaussian contribution of FWHM(G)
= 1.22(3) eV. Additional components were required to fully account
for the measured intensities, and these additional peaks essentially
correspond to adventitious carbons on the electrolyte surface. The
same FWHM values were applied to the fits of the adventitious
carbons. The KE of the fitted carbonate peak in the C 1s spectra was
used to present the electrolyte peak positions as a function of the
applied voltage. O 1s and Cl 2p spectra were also recorded and
behave in a similar fashion as the C 1s spectra. These spectra do not
add any new results and are therefore not shown.

■ RESULTS
In this study, we investigate the change in electron electro-
chemical potential difference Δμ̅e over the WE/electrolyte
interface as a function of applied voltage ΔV to the WE. A
liquid meniscus is created by the dip-and-pull method to allow
for APPES measurements on the electrolyte (see details in
Methods section). APPES measurements are performed on a
thick part of the liquid meniscus, where the electrolyte is
assumed to exhibit bulk properties (i.e., constant concen-
tration). For these conditions, the measured shifts in KE will
correspond to the change in Δμ̅e between the bulk electrode
and bulk electrolyte. However, it can be noted that after SEI
formation and/or lithiation, more than two phases are present
in the interfacial region, and the measured Δμ̅e will then be the
sum of several individual contributions stemming from the
different phase boundaries (e.g., WE/SEI and SEI/electrolyte).
To analyze the changes in Δμ̅e as a function of the applied

voltage and to elucidate the influence of SEI formation on Δμ̅e
between the WE and bulk electrolyte, two LIB model systems
are studied with operando APPES. The model systems
constitute of a three-electrode setup, including a metallic
WE, a Li+/Li RE, and an NMC CE. In this work, all voltages
are given versus the Li+/Li RE.
In the first model system, a gold thin film is used as the WE

to study the formation of a LixAu alloy (i.e., Au + x Li+ + x e−

↔ LixAu). Lithiation occurs around and below 0.2 V,32

coinciding with typical operating voltages for negative
electrodes in LIBs. Because of the low lithiation potential,
SEI formation will occur before the alloying reaction between
Li and Au. For the electrolyte used in this work (1 M LiClO4

in PC), the onset of electrolyte reduction has been observed
between 1.6 and 1.0 V,33,34 depending on trace amounts of
water. In our model systems, the major SEI formation is
assumed to occur around 0.6 V, based on the shapes of the
cyclic voltammograms (see Figure S2 and S3).
In the second model system, a metallic copper electrode

with a native copper oxide acts as the electroactive material.
When the applied voltage is lowered from OCV, copper oxide
reduction (or conversion) reactions (e.g., CuO + 2 Li+ + 2 e−

↔ Cu + Li2O or Cu2O + 2 Li+ + 2 e− ↔ 2 Cu + Li2O) will
occur first above 1.4 V, followed by electrolyte reduction and
SEI formation around 0.6 V (see Figure S2 and S3).
The APPES results are presented in Figure 2. Figure 2(a,b)

depict fitted electrolyte C 1s spectra for the Au WE and Cu
WE systems, respectively. The components originating from
the PC molecule (top in Figure 2(a)) are presented as purple

Figure 2. Operando APPES results for the electrolyte in the Au (left)
and Cu (right) setup. C 1s spectra measured on the electrolyte for the
Au setup (a) and Cu setup (b). At 1.6 V, the striped peak (∼1516 eV)
indicates that the PC hydrocarbon peak and the adventitious
hydrocarbon peaks overlap. The PC molecule with arrows indicate
the corresponding fitted peaks. The KE of the fitted carbonate peaks
in the C 1 s spectra [indicated by dashed lines in (a) and (b)] shown
as a function of the applied voltage for the Au setup (c) and Cu setup
(d).
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peaks with an intensity ratio of 1:2:1,20 whereas the gray fitted
peaks represent adventitious carbons (essentially hydro-
carbons) deposited on the electrolyte surface.35 The peak
positions shown in Figure 2(a,b) shift to lower KE with
decreasing applied voltage. It can be noted that the
adventitious carbon peaks essentially shift together with the
PC peaks for all voltages, and thus, they should be located
outside the charged interface layer at the WE/electrolyte
interface.
In Figure 2(c,d), the KE of the fitted carbonate peak (from

the PC molecule) is plotted as a function of the applied voltage
for the two systems. Here, we highlight two observations: first,
for both the Au and the Cu WEs, two regions with different
dependencies between the change in the KE and applied
voltage appear, denoted as Region A and Region B. Second,
the dependency in Region A is clearly linear and similar for
both systems (close to 1 eV/V), while the dependencies in
Region B are different and deviate significantly from a 1 eV/V
slope, as indicated in the figures using linear approximations
(about 0.4 and 0.7 eV/V for Au and Cu, respectively).
Considering the Au case, lithiation is known to occur at 0.2

V and below.32 This is seen in our measurements as a
considerable increase in current (see Figure S4 in the SI), as
well as a color change of the electrode from gold to gray.36 The
latter confirms that the electrochemical cell in this experiment
functions as expected. APPES measurements are thus
performed operando during Au lithiation, although after the
current has decayed to limiting current conditions. At the
voltages where lithiation occurs (i.e., data points 0.2 and 0.05
V), we see a deviation from the ∼1 eV/V dependence (Figure
2(c)). In the same potential region for the Cu WE system
(Figure 2(d)), ∼1 eV/V is followed. In the copper case, a slope
lower than 1 eV/V is seen in the potential region between 1.6
V and 2.5 V. This is the potential region where the native
copper oxides are known to be subject to conversion
reactions.37,38 Because the copper oxide layer is very thin,
the lithiation current will be lower compared to the gold case.
The conversion reaction of the thin layer of Cu oxide to Li
oxide can then be completed during the 1.6 V potential step.
After lithiation, further lowering the voltage will result in
electrostatic charging of a double layer at the electrode surface.
In this potential region below 1.6 V, a constant slope of
approximately 1 eV/V is seen.

■ DISCUSSION
This study combines spectroscopy with electrochemistry; thus,
for readers of both fields to understand the results, it is
important that a common language is established, and that it is
clearly and carefully specified which potential is referred to.3

To facilitate this, we will begin this discussion by presenting
some important background and definitions that are necessary
to correlate the electrochemical measurements to the APPES
measurements.
In electrochemistry, the electrochemical potential difference

of electrons Δμ̅e in different electrodes is measured/controlled
by the voltage. Because the voltage difference ΔV corresponds
to the work required to move a unit positive charge from one
electrode to the other, the negative of the voltage is equal to
the electron electrochemical potential difference Δμ̅e between
the electrodes.3,39 The voltage is usually measured versus a RE.
The RE is chosen as an electrode that behaves like an ideally
nonpolarizable electrode, that is, μ̅e is (essentially) constant. In
this way, when the voltage of the electrode under study (WE)

is measured versus that of the RE, any change in voltage
between them will stem from a change in μ̅e of the WE.
With APPES, different electron BEs are measured with

respect to the Fermi level, EF, of the spectrometer. To facilitate
the interpretation of spectra, the measured sample is usually
electrically connected to the spectrometer, so that EF of the
spectrometer is aligned with EF of all electrically conductive
phases of the sample. In this case, the BE of an electron,
defined as the energy difference between the core level and
Fermi level of the phase, can be measured directly. However, if
the sample contains any phases that do not conduct electrons,
these may have a different EF as a result of an electrochemical
potential difference over the phase boundary. In this case, an
(internal) energy calibration may be necessary to better
interpret the BEs.16

When spectroscopy is combined with electrochemistry, the
results can be interpreted by considering the electrochemical
potential of the electron, μ̅e. By definition, μ̅e of a phase is
equal to the Fermi level, EF, of the phase.

1−3 Furthermore, the
splitting of the electrochemical potential into a chemical and
an electrostatic potential (see eq 1) can help the interpretation
of the spectroscopic measurements. Changes in ϕ are a result
of the addition/removal/redistribution of charges (e.g., as a
result of applying a bias or building up an EDL). If the voltage
of a phase is changed by a purely electrostatic contribution Δϕ,
the KE of all photoelectrons stemming from this phase will
shift by exactly the same amount (1 eV/V). Changes in μe
instead stem from a change in the local chemical composition
of the phase and occur during Faradaic reactions. A change in
μe can be identified by the chemical shifts that can be seen in
(AP)PES when the chemical environment of a species is
changed. However, in this case, the changes in BE for different
core levels can vary, depending on how they are affected by the
chemical reaction. Any shift in BE can be related to the
measured shifts in KE according to ΔBE = −ΔKE.
From these definitions, we can conclude that if we want to

measure the true electrochemical potential difference between
two phases with APPES, the Fermi levels should be probed.
However, useful information can still be gained by measuring a
core level, because these will shift equally with μ̅e = EF if only ϕ
is changed. These conditions are achieved if the measured
phase has a constant chemical potential (i.e., constant pressure,
temperature, and chemical composition).
To interpret our operando APPES measurements based on

these definitions, it is first necessary to make some assumptions
for our electrochemical setup. In our study, we can assume that
μ̅e is constant within both WEs (Au and Cu) because
conductive metals are used. Furthermore, μe is also constant
for pure bulk metals1 (electron concentration does not change
appreciably) and a change in voltage will thereby only affect ϕ
when non-Faradaic reactions occur. In addition, we assume
that the RE behaves as an ideally nonpolarizable electrode.1

This assumption can be made because we have a pure Li metal
(reduced form, Li0) in contact with a high concentration of Li+

(oxidized form) that serves as a buffer for the negligible current
that goes through the RE during measurements. In this way,
μ̅e
RE (versus an arbitrary reference) remains constant.
The electrolyte is an electronic insulator and does not

contain any free electrons. However, electrons can still be
added to the electrolyte if the voltage is lowered below its
reduction potential, and thus, one can still refer to a chemical
potential of the electron in the electrolyte, μe

el. If the electrolyte
composition is constant, μe

el will remain constant (temperature
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and pressure are constant during the measurements). For our
systems, Li-ion transport is faster in the bulk electrolyte than in
the WEs, and thus, Li+ diffusion in the WE will be the rate-
determining step of the redox reaction. Because we perform
APPES measurements when the current has decayed to a
stable value (i.e., limiting current conditions), we can assume
that the electrolyte composition is constant; hence, μe

el is also
constant. In this case, any shift in μ̅e

el will be caused by a shift in
ϕel. This means that we can measure any core level of the
electrolyte to evaluate Δμ̅e between the WE and electrolyte as
a function of applied voltage ΔV.
In Region A in our measurements, only EDL charging

occurs. In this voltage region, ΔV will be changed by changing
ϕWE by the addition/removal of charges to the WE surface.
Without charge transfer, μ̅e

el relative to the RE remains
unaffected. Thus, when no charge transfer occurs, the only
electron energy levels that are affected by the change in voltage
are those in the WE. This case is illustrated in red in Figure 3.

However, because μ̅e
WE = EF

WE serves as a reference point for all
APPES measurements, the change in μ̅e

WE will cause a shift in
the measured KE of the bulk electrolyte PE peaks. Thus, if μ̅e

el

remains constant, a relationship of exactly 1 eV/V between the
measured ΔKE of the electrolyte PE peaks and ΔV is expected.
Previous studies investigating electrochemical systems with
operando APPES have also reported essentially an ∼1 eV/V
relationship between changes in voltage and changes in KE of
the electrolyte peaks.23,24,26 The results presented in Figure
2(c,d) show that the obtained slopes of the fitted straight lines
are slightly larger than the expected value of 1 eV/V. The
origin of the additional shift in KE is unclear and requires
further investigation. However, because the EDL theoretically

should not be charged to a larger value than the applied
external voltage, we believe that this deviation stems from the
measurement error of our setup.
The approximate 1 eV/V slope in Region A is followed for

both systems also at cell voltages where SEI formation is
expected to be the most intense (around 0.6 V). This implies
that the SEI formation does not significantly influence the
relationship between Δμ̅e and the applied voltage over the full
WE/electrolyte interface region. This can be expected as the
SEI is meant to work as an insulating passivation layer,
preventing the transport of electrons between the WE and the
bulk electrolyte. In this way, further charge transfer of electrons
to the electrolyte can be limited after SEI formation, and the
electrochemical potential of the bulk electrolyte remains
unaffected. In this case, a 1 eV/V slope is expected, just as
in the case of only EDL charging. However, it is important to
note that in this work, only the total Δμ̅e between the WE and
electrolyte is probed, not the interface directly. If we were able
to probe the WE/SEI/electrolyte interface directly, it would
also be possible to evaluate the spatial distribution of the
potential drop over the charged interface layer. This was not
possible for our experimental setup; however, previous studies
performed ex situ suggest that a large part of the EDL is
located at the WE/SEI interface.15,16 Furthermore, if the
spectral contributions from the SEI could be separated from
the contributions from the electrolyte, it would also be possible
to estimate Δμ̅ebetween SEI/electrolyte, which could be of
interest to understand in detail how the SEI functions in an
LIB.
In Region B, which is highlighted in pink in Figure 2(c,d),

the fitted linear slopes are considerably smaller than 1 eV/V for
both the Au and Cu systems. In both cases, Region B coincides
with the potential region where lithiation occurs, indicating
that Δμ̅e follows a different behavior when charge transfer
occurs at the WE/electrolyte interface. Because Region B is
located at different potential regions depending on the WE
used, we can exclude that the deviation from a 1 eV/V slope is
an effect stemming from the electrolyte’s behavior at specific
potentials.
In other studies, deviations from a 1 eV/V slope have been

explained as a result of an iRs drop, affecting the voltage
measured between the WE and RE.26,40 This can be the case
for APPES measurements that are performed during high
current densities at a measurement spot located far away from
the bulk electrolyte surface. Furthermore, limited mass
transport in the thin liquid meniscus leads to high over-
potentials and limited current densities and can also cause ion
depletion over time.29,41,42 To avoid these effects, we use a
slightly different measurement approach (see the Methods
section). During our measurements, the WE is redipped
between every potential step, and the current is allowed to
decay while the electrodes are immersed in the electrolyte
beaker. In addition, APPES measurements are performed as
close to the bulk electrolyte surface as possible (3−4 mm
above the electrolyte surface, limited by the measurement
setup) on a thick part of the electrolyte meniscus. With a
maximum current density of 0.01 mA/cm2 and a high
electrolyte concentration of 1 M, we are confident that the
iRs drop in the bulk solution can be neglected even in the
liquid meniscus, which is in line with the study performed by
Ali-Löytty et al.26 Especially, in the Cu case, it is clear that
there has to be another mechanism responsible for the
behavior during lithiation because the current during Cu

Figure 3. Schematic illustration of relevant energy levels and their
measured shifts in BE (ΔBE = −ΔKE) during electrochemical
cycling. Red lines and arrows indicate the shifts when no charge
transfer occurs. In this case, only μ̅e

WE is affected by the change in the
applied voltage (ΔV). Because no redox reactions occur, all chemical
potentials are constant and Δμ̅eWE = − ΔϕWE. Blue lines and arrows
indicate the shifts during charge transfer (lithiation). In this case, both
μe and ϕ can be changed for both phases. For the WE, μe

WE is changed
as the chemical composition changes during lithiation. In this case,
the core levels of the WE will, in general, not change equally to the
Fermi level. Depending on the magnitude of ΔμeWE, relative to ΔV,
ϕWE may also change to account for the total change in the applied
voltage. For the electrolyte, the chemical composition is constant, and
thus, Δμ̅eel = − Δϕel, and all electron energy levels of the electrolyte
shift equally.
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conversion (Region B) is lower compared to the currents
during measurements in Region A (see Table S2). Thus, we
rule out iRs drop as an explanation for the deviation from the 1
eV/V slope in Region B (see discussion in the Supporting
Information).
We believe that the deviation from the 1 eV/V slope during

lithiation reactions stems from the charge transfer occurring at
the WE/electrolyte interface, leading to a change in the
electrostatic potential of the electrolyte ϕel. Here, we present a
possible model to explain this, based on the equilibration of
μ̅Li+ between the WE and electrolyte.
In an LIB, Li ions are the transferable species at the

electrode/electrolyte interfaces. If a sufficiently low voltage is
applied to the negative electrode, μ̅Li+

WE will be lowered below
μ̅Li+
el , and there will be a driving force moving Li ions from the

electrolyte to the WE. During lithiation, both μe
WE and ϕWE can

be changed as Li ions, and electrons are added to the WE.
Because of the charge transfer of Li ions from the electrolyte to
the electrode, ϕel can also be changed as a result of the strive to
equilibrate the electrochemical potentials of Li ions at the WE/
electrolyte interface. These shifts are illustrated in blue in
Figure 3. If ϕel of the electrolyte is changed, both μ̅Li+

el and μ̅e
el

will be changed. Given that the chemical composition of the
electrolyte is constant, μe

el is constant, and it follows that Δμ̅eel =
− Δϕel. The magnitude of Δμ̅eel can then be determined from
operando APPES according to the following equations:

V e
WEμ−Δ = Δ ̅ (2)

KE e
el

e
WEμ μΔ = Δ ̅ − Δ ̅ (3)

V KEe
elμΔ ̅ = −Δ + Δ (4)

where eq 2 is measured using a potentiostat, eq 3 is measured
by APPES, and eq 4 is given from the combination of these
two measurements/equations. Thus, from our results, we can
identify that we have a shift in μ̅e

el (vs Li+/Li) during charge
transfer for both the Cu and Au systems, where a lower slope
in KE vs applied voltage corresponds to a larger change of μ̅e

el.
Because the driving force for the change in μ̅e

el is suggested to
stem from differences in μ̅Li+ between the WE and electrolyte,
the deviation from a 1 eV/V slope could also be used to assess
changes in μ̅Li+

WE during lithiation as a function of the voltage.
This could be used as a tool to further understand the
lithiation mechanism of the electroactive materials and will be
the subject of future studies.
The detected change in μ̅e

el (vs the RE) is somewhat
surprising because it is often assumed that the potential drop at
the RE/electrolyte interface remains constant. However, this is
only true if these phases are in equilibrium. This would be the
case if electrons could flow in/out of the RE to establish the
thermodynamic equilibrium of the Li ↔ Li+ + e− reaction.
However, because of the limited current through the RE,
equilibrium may not be achieved. During lithiation, μ̅e

el would
instead be connected to μ̅e

WE via the redox reactions occurring
at the WE/electrolyte interface. Finally, it should be noted that
this model builds on the previously made assumptions that (i)
Δμ̅eRE = 0, (ii) iRs drop in solution can be neglected, and (iii)
the chemical composition of the electrolyte measured with
APPES is constant and is only valid under these conditions.

■ CONCLUSIONS
This work demonstrates that fundamental properties such as
Δμ̅e over the solid/liquid interface can be probed by operando
APPES, even without direct access to the interface itself. We
have presented a methodology for using operando APPES as a
tool to probe charge transfer over the WE/electrolyte interface
during lithiation in two LIB model systems. The results show
that when charge transfer occurs, a change in the applied
voltage to the WE can also cause a change in the
electrochemical potential of the electrolyte. This is reflected
in the measured shifts of the electrolyte peak positions that
then deviates from the 1 eV/V slope expected for an ideal
polarizable interface. Based on our suggested model to explain
this, the change in μ̅e

el can be directly evaluated from the
operando APPES measurements for certain measurement
conditions. To develop our suggested model, additional
measurements will be performed where also the dependence
of current and setup limitations are investigated.
As the potential differences over the interface will govern the

charge transfer properties, we believe that the developed
methodology will provide new means to further understand the
mechanisms behind EDL charging, SEI formation, and
lithiation in LIBs. To fully take advantage of the possibilities
with operando APPES, it would be desirable to probe the
solid/liquid interface directly. In this way, it would be possible
to identify, for example, if EDL charging occurs or if μe of the
WE changes, and couple this information with the changes in
Δμ̅e during operando measurements. We propose this as an
essential future direction to develop more detailed models of
the interfacial chemistry in LIB systems.
All relevant data are available from the authors upon request.
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M.; Zegkinoglou, I.; Trotochaud, L.; Nemsá̌k, S.; Schneider, C. M.;
Crumlin, E. J.; Axnanda, S.; Liu, Z.; Ross, P. N.; Chueh, W.; Bluhm,
H. Direct Mapping of Band Positions in Doped and Undoped
Hematite During Photoelectrochemical Water Splitting. J. Phys. Chem.
Lett. 2017, 8, 5579−5586.
(41) Favaro, M.; Valero-Vidal, C.; Eichhorn, J.; Toma, F. M.; Ross,
P. N.; Yano, J.; Liu, Z.; Crumlin, E. J. Elucidating the Alkaline Oxygen
Evolution Reaction Mechanism on Platinum. J. Mater. Chem. A 2017,
5, 11634−11643.
(42) Stoerzinger, K. A.; Favaro, M.; Ross, P. N.; Hussain, Z.; Liu, Z.;
Yano, J.; Crumlin, E. J. Stabilizing the Meniscus for Operando
Characterization of Platinum During the Electrolyte-Consuming

Alkaline Oxygen Evolution Reaction. Top. Catal. 2018, 61, 2152−
2160.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c07424
ACS Appl. Mater. Interfaces 2021, 13, 32989−32996

32996

https://doi.org/10.1038/ncomms12695
https://doi.org/10.1038/ncomms12695
https://doi.org/10.1021/acs.jpcc.5b10931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b10931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CP05436J
https://doi.org/10.1039/C7CP05436J
https://doi.org/10.1039/C7CP05436J
https://doi.org/10.1039/C7CP05436J
https://doi.org/10.1107/S160057752100103X
https://doi.org/10.1107/S160057752100103X
https://doi.org/10.1107/S160057752100103X
https://doi.org/10.3390/surfaces2010008
https://doi.org/10.3390/surfaces2010008
https://doi.org/10.1002/anie.201512025
https://doi.org/10.1002/anie.201512025
https://doi.org/10.1016/j.electacta.2015.02.184
https://doi.org/10.1016/j.electacta.2015.02.184
https://doi.org/10.1016/j.electacta.2015.02.184
https://doi.org/10.1016/0013-4686(89)87079-3
https://doi.org/10.1016/0013-4686(89)87079-3
https://doi.org/10.1149/1.1415547
https://doi.org/10.1149/1.1415547
https://doi.org/10.1021/acs.accounts.5b00275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.5b00275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/zaac.19613100304
https://doi.org/10.1002/zaac.19613100304
https://doi.org/10.1039/C5NR03472H
https://doi.org/10.1039/C5NR03472H
https://doi.org/10.1039/C5NR03472H
https://doi.org/10.1039/c4ta01361a
https://doi.org/10.1039/c4ta01361a
https://doi.org/10.1039/c4ta01361a
https://doi.org/10.1016/S0167-2738(96)00542-5
https://doi.org/10.1021/acs.jpclett.7b02548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b02548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7TA00409E
https://doi.org/10.1039/C7TA00409E
https://doi.org/10.1007/s11244-018-1063-6
https://doi.org/10.1007/s11244-018-1063-6
https://doi.org/10.1007/s11244-018-1063-6
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c07424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

