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ABSTRACT: Using neutron reflectometry, we have determined the thickness
and scattering length density profile of the electrode−electrolyte interface for the
high-voltage cathode LiMn1.5Ni0.5O4 in situ at open circuit voltage and fully
delithiated. Upon exposure to a liquid electrolyte, a thin 3.3 nm Li-rich interface
forms due to the ordering of the electrolyte on the cathode surface. This interface
changes in composition, as evident by an increase in the scattering length density of the new layer, with charging as the
condensed layer evolves from being lithium rich to one containing a much higher concentration of F from the LiPF6 salt. These
results show the surface chemistry evolves as a function of the potential.
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■ INTRODUCTION

Understanding the chemistry and structure of the liquid−solid
interface is a critical challenge to many energy production,
storage, and conversion technologies as well as numerous
biomedical and chemical processes. For example, this interface
controls the corrosion of materials used to generate electricity
or store molecules, photocatalytic activity of materials such as
TiO2, biocompatibility of membranes and polymers, and
electrochemical energy storage reliability and cyclability. To
date, most models of the solid−liquid interface have been based
on electrochemical double layers formed under aqueous
conditions which fail to capture the complexity of aprotic or
nonpolar solvents1 such as those used in lithium ion batteries.
Determining these interfacial structures in situ is challenging
due to the large volume of the liquid phase relative to the
fraction of molecule species at the interface. This large volume
of liquid attenuates or blocks spectroscopic signals from optical
methods and prevents the use of classic ultra-high-vacuum
surface science methods.2

In the case of batteries, reactions between a solid electrode
and a liquid electrolyte lead to the formation of the solid
electrolyte interphase (SEI), which directly mediates the
stability, cycling rate, durability, and safety of the cell.3−5 The
SEI reactions occur on both the anode and cathode and are
very similar chemically; however, the importance and fraction
of each reaction type differ depending on the electrode surface,
state of charge, temperature, and electrolyte composition.6

Using the most typical electrolyte (LiPF6:ethylene carbonate/
dimethyl carbonate (EC/DMC)), several reactions are typically
observed on LiMn1.5Ni0.5O4 electrodes like the one used in this
study.7 One reaction involves the salt LiPF6, which decomposes

to PF5 and LiF. PF5 further reacts with residual water to form
HF- and POF3-type species. The residual water comes from
impurities in the electrolyte or persistent adsorbed water on the
electrode surface that cannot be removed by simple drying
processes.8 These F species are confined to the electrode
surface, forming part of the SEI layer. In addition to the Li salt,
EC/DMC can react at the high-potential electrode surface
where they decompose to form alkyl carbonates, commonly
described as Li−ROCO2, and similar analogues.
Regardless of the complex chemistry, the composition and

density of this SEI layer mediate ion diffusion and long-term
cyclability. Furthermore, the extent of reaction consumes
electrochemically vital Li ions from the cathode, reducing the
total fraction of Li available for cycling. Our lack of
understanding of this interface prevents us from accurately
modeling transport phenomena as well as predicting more
stable electrolytes for electrochemical cells, which is critical to
designing better batteries.5,9 Information about battery
interfaces is usually obtained after disassembly of the cell and
analysis of the surfaces ex situ using standard analytical
methods such as infrared spectroscopy and X-ray photoelectron
spectroscopy (XPS).2,10−12 Ex situ analyses can be subject to
artifacts as they require either washing the electrode with a
solvent or otherwise accounting for any residual electrolyte.
This washing may have the disadvantage of removing various
components of the SEI layer, effectively giving a partial picture
of the SEI chemistry and structure.
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We describe an approach to probe in situ the liquid−solid
interface of a high-voltage Li ion cathode material using
neutron reflectometry (NR) and present the experimentally
determined thickness and scattering length density (SLD) of
this interface as a function of charge. In NR, the specular
reflection of neutrons from an interface is measured as a
function of the wave vector transfer, Q = [4π sin(θ)]/λ,
perpendicular to the sample surface. Here, θ is the angle of
incidence of the incoming neutron beam with the sample
surface and λ the wavelength of the neutron.
Neutrons, by virtue of having no net charge, are deeply

penetrating and are therefore ideally suited as a probe to study
materials in complicated environments, such as electrochemical
cells. Unlike X-rays, neutrons interact with the nuclear potential
of atoms and are sensitive to light elements, particularly Li and
H. Neutrons are also sensitive to isotopic differences, allowing
for selective contrast variation in the design of experiments. For
instance, 6Li and 7Li differ in the sign of their SLDs and
magnitude of their absorption cross section; this difference can
be exploited in studying the exchange of Li during cycling to
study the diffusion of Li through the SEI layer.13

While recent in situ studies have been reported using nuclear
magnetic resonance methods, they still suffer from a lack of
depth resolution and involve complicated cell design.14 In situ
X-ray methods are sensitive to volume changes, such as during
Li cycling, but are insensitive to low-Z materials such as H and
Li which make up a large fraction of the SEI layer.15 The NR
approach detailed below could be applied to all types of
electrochemical cells to study SEI formation as well as reaction
mechanisms in new battery chemistries, e.g., Li−air. Owejan et
al. has recently reported the use of NR to study SEI formation
over a Cu current collector without Li intercalation,16 and Jerliu
et al. reported the first investigation of a Li-ion anode (Si).17

Wang et al. reported the ability to measure Si volume changes
with cycling but did not investigate the SEI layer or report
electrochemical data.18 Hirayama et al. reported the first
investigation of a cathode (LiFePO4) using NR and found an
interesting 20 nm thick layer that forms at the electrode/
electrolyte interface which was attributed to a concentration
gradient due to double layer formation.19 Note the charged
potential of LiFePO4 is much lower than that of LiMn1.5Ni0.5O4
used in this study, so there should be little to no electrolyte
decomposition. While X-ray reflectometry has been applied to
investigate the bulk structure of LiMn2O4, LiCoO2, and
LiFePO4 electrodes, NR is more applicable to the character-
ization of the interfaces of the electrodes.20−23

■ EXPERIMENTAL SECTION
The electrodes were grown through multistep processes based on
magnetron sputtering as discussed previously.24 The starting lithium
manganese nickel oxide (LMNO) powder used to prepare the LMNO
sputtering target was prepared using a two-step solid-state reaction, as
described by Hagh et al.25 In brief, MnO2 and NiO (Alfa Aesar) were
mixed with a Mn/Ni molar ratio of 3. The mixture was ball-milled for
1 h, recovered, pressed, and fired at 900 °C for 5 h to form a
Ni2/3Mn2O4 spinel phase. Next, the pellet was ground and mixed with
the appropriate amount of Li2CO3. The mixing was followed by
another ball-milling and pressing sequence and a final firing. This firing
was achieved at 1000 °C for 15 h followed by a slow cooling of 0.5 °C/
min to 700 °C, which was maintained for 40 h, and a final cooling to
room temperature at 0.5 °C/min.
The following method was used for electrode fabrication: A 50 mm

diameter polished Si wafer was coated with a 10 nm Ti/TiO2 adhesion
layer followed by a 20 nm Pt current collector and a 90 nm Li−Mn−

Ni−O electrode by magnetron sputtering of commercially available
targets (Ti, Pt) or the homemade LMNO target and subsequently
annealed at 550 °C for 20 min in air. The Ti (Kurt J. Lesker) and Pt
(Refining Systems, Las Vegas, Nevada) targets were used as-received.
In-house sputtering systems capable of a base pressure of at least 10−6

Torr were used. The silicon wafers were obtained from the Institute of
Electronic Materials Technology, Warszawa, Poland.

Supplementary samples were prepared for electron microscopy
imaging using focused ion beam (FIB) extraction from a region of the
multilayered film sample coated with Au and Pt protective layers.
Aberration-corrected scanning transmission electron microscopy
(STEM) was performed on a 200 kV FEI ChemiSTEM equipped
with an energy-dispersive X-ray spectrometry (EDS) system operating
with silicon drift detectors (SDDs) with a large collection angle (0.7
str). An electron beam current of 164 pA was used to scan pixel areas
of 200 × 200 with minimal drift over the 10 min collection interval.

Rutherford backscattering spectrometry (RBS) was performed to
examine elemental diffusions between interfaces on the same batch of
samples used for the STEM studies. A 3 MeV 4He+ analyzing beam
was generated using an NEC 3 MV Pelletron tandem accelerator at the
Ion Beam Materials Laboratory at Los Alamos National Laboratory.
Two PIPS particle detectors were used in the measurements: one
located at a scattering angle of 167° (Cornell geometry) and the
second one located at a scattering angle of 90° (IBM geometry) from
the beam direction. The sample normal was tilted 15° from the
incident beam, and the accumulated charge was 15 μC for Pt/TiOx/Si
films and 30 μC for LMNO/Pt/TiOx/Si films with a beam current of
∼10 nA.

X-ray photoelectron spectroscopy was obtained using a PHI 3056
spectrometer with an Al anode source operated at 15 kV and an
applied power of 350 W. High-resolution spectroscopy data were
collected using a 23.5 eV pass energy; lower resolution survey scans
were collected at a pass energy of 93.5 eV. The primary C 1s peak was
fixed at 284.8 eV; however, there was no evidence of sample charging.

Electrochemical measurements were performed using a Gamry
PCI4 potentiostat using the setup represented in Figure S6
(Supporting Information). Cells were assembled under He in a
glovebag, at the beamline, prior to experiments to minimize air and
moisture exposure. The electrochemical cell was constructed using
single-crystal Si substrates for the electrodes separated by a Teflon-
coated Viton gasket with a 1 mm cross-sectional diameter. The total
cell volume is approximately 3 mL. The cell was charged at a
maximum current of 9 mA to 4.75 V and held at that potential during
the measurement. NR experiments were started after a 1/2 h of charge.
NR measurements were carried out on the Liquids Reflectometer (BL-
4B) at the Spallation Neutron Source (SNS) at Oak Ridge National
Laboratory. The Liquids Reflectometer is a horizontal geometry
instrument using the time-of-flight technique with neutrons of
wavelength 2.5−17.5 Å with an effective single bandwidth of 3.5 Å
at an accelerator pulse frequency of 60 Hz. For these measurements a
single-wavelength band centered at 4.25 Å, together with seven
incidence angles (θ = 0.2°, 0.27°, 0.34°, 0.48°, 0.6 2°, 1.12°, and
2.01°), provided a wave vector transfer (Qz) range extending from
0.005 to 0.16 Å−1. An incidence beam slit was adjusted for each
incident angle to maintain a constant beam profile on the sample.
Analysis of the specularly reflected neutron data was carried out using
the computer modeling and fitting program NRFit developed by Cho
et al.26 The program uses the Parratt formalism27 to calculate
reflectivity from a model SLD profile for comparison to the
experimentally acquired NR data.

■ RESULTS AND DISCUSSION
Structure and Growth of the Working Electrode. The

LMNO electrode material used in this work was slightly Li rich,
leading to the inclusion of a small concentration of Li2MnO3
and LiMnxNi1−xO2 along with the majority LMNO phase.24

The working electrode structure required for these studies is
complicated due to ion diffusion between the layers. Initially,
model parameters representing the electrode structure used to

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5032055 | ACS Appl. Mater. Interfaces 2014, 6, 18569−1857618570



fit the reflectivity data were input from deposition parameters
measured from a quartz crystal microbalance and adjusted
manually to yield a reasonable representation of the data.
Interfacial regions separating individual layers within the profile
were modeled using an error function distribution representing
interfacial roughness and/or diffuseness. Subsequently, select
model parameters were allowed to vary until a best fit to the
data, using a Levenberg−Marquardt algorithm, was obtained as
determined by a reduced χ2 value. To improve the confidence
in our resulting fits to the NR data and to validate our model
for the annealed sample measured in air, STEM and RBS
experiments were performed on samples produced in a separate
deposition run, but under conditions similar to those of the NR
sample. XPS was also performed on these witness samples to
understand the as-prepared surface chemistry.
The reflectivity profile of the as-prepared annealed electrode

thin film assembly, presented in Figure 1a, was collected in air,
where the neutrons entered from the air−LMNO interface and
reflected off the surface onto a 2-D detector. The green, circular
data points represent the measured reflectivity profile, while the

red, solid line represents the best fit to the data determined by
the SLD profile shown in the plot to the right (Figure 1b) and
summarized in Table S1 (Supporting Information). The data
are plotted as RQ4 vs Q to highlight salient features of the
reflectivity profile and the quality of the fit derived from the
SLD model. The SLD profile represents the compositional and
density variation comprising material layers normal to the film
surface and can be represented mathematically by β(z) =
∑ibini, where bi is the coherent neutron scattering length and ni
the nuclear number density of a given atomic species at depth z
within the layer. Initially, a four-layer model was used to fit the
data on the basis of the deposition of the Ti/TiOx wetting layer,
followed by Pt and LMNO, onto the native oxide of the silicon
substrate. It was found that the four-layer model did not
sufficiently represent the data, so an additional layer was added,
first to the surface of the LMNO and then to the LMNO/Pt
interfacial region. The best fit (χ2 = 2.6) was achieved by the
addition of a layer at the LMNO/Pt interface, indicating an
interaction between the Pt and LMNO during the deposition
and/or annealing steps.

Figure 1. Reflectivity profiles collected in situ for the LMNO film (a, top left) in air, (c, middle left) at the OCV, and (e, bottom left) charged to 4.75
V. Corresponding SLD plots representing the film thickness (b, top right; d, middle right; f, bottom right). The schematics in the middle represent
the layers formed from the silicon substrate out.
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The Ti/TiOx wetting layer between Pt and the Si substrate
was found to have a total thickness of ∼11 nm. The layer is
comprised of two regions, with the thicker and higher SLD
region being closest to the Pt layer. This region in the SLD
profile suggests an intermixing of Pt and TiOx at the interface
closest to the substrate with a thin TiOx/SiOx layer separating it
from the Si substrate. No evidence of a pure Ti layer is seen in
the profile. Figure 2 shows the RBS data collected for the Si/

TiOx/Pt/LMNO witness sample before and after annealing.
These data clearly show a reduction/broadening in the Ti peak
intensity along with a shift to the Pt interface with annealing
consistent with Ti diffusion into the Pt layer. Similar trends are
observed for a Si/TiOx/Pt stack, Figure S1 (Supporting
Information), confirming that this Ti diffusion is intrinsic to
the Ti−Pt chemistry. Similar results have been reported by
Aspelmeyer et al. for a 100 nm Pt film deposited on 10 nm Ti
on a SiOx/Si substrate and then annealed at 650 °C in O2,
resulting in a volume fraction of 0.30 Ti/TiOx within the Pt
film.28 This result is also consistent with the findings of Yao et
al.28,29

From the NR data, the Pt layer thickness was found to be
21.8 nm with an SLD less than that expected for pure Pt (the
theoretical SLD of Pt is 6.35 × 10−6 Å−2).30 A measured value
of 5.77 × 10−6 Å−2 represents an approximate 10% decrease in
the SLD of Pt. It is not unusual for the mass density of a thin
metal film to fall below that expected for bulk materials.
Reasons for this discrepancy include a high concentration of
grain boundaries or the presence of voids or other defect
structures within the layer such as oxide inclusions. However, a
10% lower SLD compared to that expected for Pt is somewhat
puzzling and thought to be due to the presence of Li and/or Ti
within the layer. Both Li and Ti have negative SLDs requiring
only modest amounts to lower the overall SLD of the layer. In
this case a volume fraction of 0.08 or 0.07, respectively, would
be required; Pt can be lithiated up to Li4.4Pt. The RBS data
support the conclusion of elemental diffusion from the LMNO
layer, Figure 2. There are small, but observable changes in the
Pt layer closest to the LMNO, Figure 2, that are not observed
for the Si/TiOx/Pt stack, Figure S1 (Supporting Information),
consistent with some Li diffusing into the Pt layer. Li may be

forced into the current collector due to the plasma potential or
postannealing treatment. This slight lithiation does not affect
the electronic resistance of the Pt current collector.24

At the Pt/LMNO interface there is a slight decrease in the
LMNO SLD near the platinum surface. This is likely attributed
to the RBS observed increase in titanium concentration and/or
lithium or voids at or near the Pt interface. The thickness of this
interfacial zone was measured at 14.5 nm, by NR, and shows an
approximate 5% decrease in SLD relative to the “bulk” of the
LMNO layer. The interfacial roughness between LMNO and Pt
was 3.8 nm, indicating a rough or diffuse interface between the
layers. Electron microscopy data, collected on the same sample
used for RBS, support this model of the Pt/LMNO interface.
Indeed, as observed in Figures 3 and S2 (Supporting

Information), after deposition (left) and especially after
annealing (right), large voids or regions consisting of species
with low atomic numbers are evident. Energy-dispersive X-ray
mapping of this interface and higher resolution imaging, Figures
4 and S3 and S4 (Supporting Information) confirm the
interdiffusion of Pt and LMNO at this interface. Furthermore,
these TEM data confirm the refined thicknesses of 14.5 nm for
the interfacial zone described above. In addition, we observe a
surface roughness of about 4 nm, consistent with the NR fits.
This roughness likely comes from film stresses or void structure
observed in the microscopy data.
Using this five-layer model, the total thickness of the LMNO

layer was found to be 91.5 nm, in good agreement with the
predicted film thickness controlled by varying the deposition
conditions. The weighted average SLD of the LMNO layer
(including the interfacial region between the LMNO and Pt,
which was determined to have a slightly lower SLD from the
fit) was found to be ∼2.64 × 10−6 Å−2 (a theoretical value of
3.02 × 10−6 Å−2 would be expected assuming a dense
stoichiometric film) and shows a decrease near the interface
closest to the platinum current collector (marked with an
asterisk). The lower measured SLD, versus theoretical LMNO,
suggests the LMNO film is Li rich, which is consistent with the
electrochemical properties of this electrode as described
before24 and/or would suggest a lower mass density than that
predicted. No distinguished surface layer was used to fit the NR
profile; data modeled with the addition of a surface layer had a
significantly poorer fit, indicating that if a surface layer was
present, the neutrons were not sensitive to it (Figure S5,
Supporting Information). XPS measurements on the witness

Figure 2. RBS data collected for an as-prepared LMNO witness
sample (black) and the same witness sample annealed at 550 °C in air
(blue).

Figure 3. High-angle annular dark-field STEM images of (a)
unannealed and (b) annealed multilayer film samples. Layers from
the bottom up are composed of Si with a thin oxide surface layer,
TiO2, Pt, and LiMnNiO, coated with a Au sputtered film. Pt interfaces
have been roughened by the annealing process, forming voids or
concentrated Li regions on the LMNO side.
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samples indicate that the surface has no excess Li2CO3 and only
low concentrations of adventitious carbon.
Structure at the Open Circuit Voltage. The LMNO thin

film electrode was assembled into an electrochemical cell,
Figure S6 (Supporting Information), using the standard 1.2 M
LiPF6 ethylene carbonate/dimethyl carbonate (3:7 wt %)
electrolyte (Novolyte) and a Pt metal anode deposited onto an
opposing Si wafer. The electrolyte had H2O concentrations of
less than 1 ppm as measured using a Karl Fischer titrator. Pt
was selected as the anode due to its stability in air. This is a full
cell configuration with Pt acting as the anode and the LMNO
layer acting as the Li source as opposed to a half-cell
configuration. The reflectivity and SLD profiles of the
LMNO film when first wetted with electrolyte at the open
circuit voltage (OCV; 0.56 V versus Pt counter electrode, full
cell configuration) are shown in Figure 1c,d. The reflectivity
data are plotted in Figure S7 (Supporting Information) to
highlight the changes between the samples, while Figure S8
(Supporting Information) compares the SLD profile in greater
detail. In the electrochemical cell, neutrons entered though the
side of the Si wafer and reflected from the Si/electrode
assembly interface (Figure S6). The analysis of the resulting
reflectivity profile was carried out by initially allowing only the
parameters associated with the LMNO and Pt layers to vary,
i.e., thickness, roughness, and SLD. Subsequently, parameters
associated with the TiOx layer and the SLD of the electrolyte
were also allowed to vary to ensure no change with cycling.
While the thickness of the film extending to the Pt surface

remains constant, two changes in the overall structure of the
film are observed in the SLD profile at the OCV (χ2 = 2.8).
First, a significant change in film structure occurs at the
LMNO/Pt interface. The ∼14 nm interfacial region near Pt,
seen in the film measured in air, narrowed by more than half
and shows a 50% increase in SLD. This increase in interfacial
SLD, along with the slight decrease observed in the SLD of the
LMNO, may indicate the excess Li from the interface has

diffused throughout the bulk of the LMNO layer. This interface
layer is very thin, and the slight potential applied when the
OCV is measured may be enough to drive Li motion (marked
with a “Δ”).31 The width and SLD of the remaining interfacial
structure at the Pt surface are similar to those seen at the Pt
interface nearest to the Si substrate. The presence of TiOx at
each of the Pt interfaces would be consistent with the
observations by both Aspelmeyer and Yao.28,29 The second
major change is the formation of a 3.3 nm layer on the surface
of the LMNO. The SLD of this surface layer, as determined by
the best fit to the data, is 0.87 × 10−6 Å−2. This low SLD is
consistent with a Li-rich layer, which likely originates from Li in
the LiPF6 salt. Hirayama et al. described a thicker (20 nm)
condensed layer at the OCV but did not estimate its
composition.19 Recently, Yu et al. using sum frequency
generated spectroscopy found preferential ordering of electro-
lyte molecules at the cathode surface under open circuit
conditions32 similar to what we observe in our data. This
orientation is very likely important for the initial nucleation and
growth of the SEI on the electrode surface.
It is important to note that the ability to detect this Li layer is

unique to neutrons; such a layer would not be evident to typical
X-ray reflectivity measurements due to the low X-ray cross
section of Li. The 0.6 nm interfacial roughness indicates that
the layer is uniform and may be conformal to the original
LMNO surface. This layer is much thinner and uniform than
what was described previously19 and may be unique to
electrochemical cells. Extensive efforts to model the data
without the layer were unsuccessful. Figure S9 (Supporting
Information) demonstrates fits to the reflectometry data using
the model described above, a model with no surface layer, and a
model with no surface layer but where the SLD of the LMNO
was allowed to change. In principle, there are an infinite
number of solutions, but the model chosen makes physical
sense on the basis of the cell chemistry and the experimental
RBS, XPS, and STEM data. Furthermore, even though the data

Figure 4. Characteristic X-ray map of the annealed sample at the Pt/LMNO interface of (a) Pt, (b) Mn, (c) Ni, and (d) O. (e) High-angle annular
dark-field STEM image of the X-ray map region.
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do not extend to high Q values due to incoherent scatter from
the electrolyte, the presence of a thin layer will affect the shape
and rate of falloff of the profile over the Q range probed in the
measurement. This data analysis further demonstrates the
sensitivity of NR to the formation of very thin interface
structures in situ and the importance of these studies to
understanding battery interfaces. It is important to note that
there is very little change in the SLD or thickness of the LMNO
layer, indicating that except for the surface reaction the
electrode is stable at the OCV. The results of the in situ analysis
of the film measured at the OCV are summarized in Table S2
(Supporting Information).
Surface Structure of the Charged Electrode. The

electrochemical cycling performance of these electrodes was
reported previously.24 On the basis of this prior work, the
working electrodes were charged potentiostatically to 4.75 V
(vs Li/Li+) (Figure S10, Supporting Information). The sample
was held at this potential to prevent a spontaneous discharge
reaction from occurring related to the reduction of Ni4+ to Ni3+

and Ni2+. NR measurements were begun when the potential
reached 4.75 V vs Li/Li+ and the current had dropped to <2
mA. After delithiation (charge) a number of important changes
occur in the structure of the LMNO film. The reflectivity and
SLD profiles of the LMNO film measured at 4.75 V are shown
in Figure 1e,f (χ2 = 3.9). First, the LMNO layer shows an
increase of ∼9% in the SLD accompanied by a decrease of 5%
in thickness relative to that seen before charging. The increase
in SLD is due to the removal of Li from the LMNO layer to
form Li-free Mn1.5Ni0.5O4 (MNO); Li has a negative SLD, and
upon delithiation the average SLD of the LMNO layer
increases to 3.10 × 10−6 Å−2 due to absence of Li. The
decrease in layer thickness is due to a decrease in the lattice
parameter of MNO versus LMNO (6.6 vol % theoretically
(8.005 Å versus 8.177 Å))25 and again indicates a near
complete delithiation of the electrode layer. The interfacial
region between the LMNO and Pt showed the opposite
behavior in that the SLD decreased from 4.49 × 10−6 to 4.4 ×
10−6 Å−2 with an increase of ∼2 nm in width. Of interest was a
noted change in the Pt SLD. The Pt SLD increased from
roughly 5.77 × 10−6 to 6.0 × 10−6 Å−2, a value within 5% of
theoretical value for Pt. This increase in SLD at the charged
potential possibly indicates the Li inclusion within the Pt
electrode during sample fabrication is subsequently driven out
from the layer during charging.
The most notable result of this study was the change in SLD

observed for the surface reaction layer with delithiation. There
was a 1.5-fold increase in the SLD value to 1.30 × 10−6 Å−2,
indicating the formation of a well-defined layer. This increase in
SLD suggests a significant reduction in Li content at the
interface. These results indicate that there is an initial chemical
reaction layer or condensed layer formed on the electrode
surface. This is likely the precursor phase to SEI formation.
Upon charging, this layer reacts, forming a layer with
significantly different chemical composition. We believe this is
the first observation of the formation of the SEI layer from this
precursor layer. Results of the in situ analysis of the film
measured after dilithiation of the LMNO layer are summarized
in Table S3 (Supporting Information). The changes in the SLD
and layer thickness for LMNO and Pt from the measurement in
air to the charged state are summarized in Figure S9
(Supporting Information).
Our results clearly show that a dense 3.1 nm film is formed at

the surface of the charged electrode. The increase in SLD at the

electrode interface is attributed to an increase in materials with
high SLD, which could include Pt from the anode or fluorine
from the electrolyte and/or the loss of Li. XPS studies could
not be performed in a reasonable period of time due to the
residual radioactivity of the sample; however, there was no
evidence of Pt on the surface, via XPS, after 2 months of
storage in air. The XPS studies did show a significant
concentration of F on the cathode surface, Figure S11
(Supporting Information), along with polymeric C−O species
and P−O from the decomposition of the electrolyte consistent
with prior studies.33,34 Therefore, this increase in SLD is
attributed to F (b = 5.65 fm)30 and P (b = 5.13 fm)30 solid
products on the cathode surface.

■ CONCLUSION
For the first time, we have experimentally measured the SLD
and thickness of the initial SEI layer that forms on a high-
voltage cathode during delithiation in situ. The above results
indicate the formation of a dense 3.1 nm thick fluorine- and
phosphorus-rich reaction layer at 4.75 V on the surface of the
LMNO electrode. To unambiguously determine the H content,
hydrogen/deuterium studies will be performed to further
identify the reaction layer composition. The methodology
described above can be applied to numerous electrochemical
systems to determine the interface chemistry and the resulting
layer thickness. It provides valuable experimental information
for the development of interfacial reaction models and to
predict more stable electrolyte configurations in the future.
Perhaps as important, these results provide experimental
validation of the starting SEI structures for computational
studies of battery interfaces.
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