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Ammonia is produced on a massive scale (> 170 Mton yr?) and is both a critical source of fertilizer for
global agriculture and a source of large-scale global CO, emissions (420 Mton yr). The electrochemical
reduction of N, to NH; (NRR) has been proposed as an alternative path toward sustainable, decentralizable
NH;, with significant effort being directed toward non-aqueous, Li-mediated NRR (Li-NRR). This system
has been shown to reliably produce ammonia and can be promoted by cycling the current driving the
reaction between open-circuit conditions and periods of applied current density. Herein, we have
investigated the dynamics of layer formation at the electrode-electrolyte interface during current cycling
under Li-NRR conditions using in situ time-resolved neutron reflectometry and grazing-incidence
synchrotron X-ray diffraction. These observations of the solid-electrolyte interphase (SEI) and Li-
containing layers at the interface suggest that benefits associated with current cycling is related to the
mobility of Li-containing species within a thin layer at the cathode surface and the dissolution and
subsequent reformation of the SEI layer during current cycling. This combination of techniques thus
provides unique insight into the SEI layer of this system, which has been shown to be key to performance
improvements.
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One means of improving performance for electrochemical ammonia production through the Li-mediated N, reduction
reaction (Li-NRR) is by cycling the current driving the reaction between open-circuit conditions and periods of applied current
density. Herein, we have investigated the dynamics of the electrode-electrolyte interface under Li-NRR conditions during
current cycling using in situ time-resolved neutron reflectometry and grazing-incidence synchrotron X-ray diffraction. During
cycling, measured neutron reflectivity curves indicated bilayer formation in which Li-containing species such as LiOH, Li,0,
and small quantities of LizN and metallic Li primarily appeared in a thin layer at the cathode surface, above which formed a
much larger, porous, ‘solid-electrolyte interface’ (SEl) layer. Upon return to open-circuit conditions, Li-containing species
quickly moved out of the thin layer, leaving a compact, stable layer of decomposition products underneath the SEIl layer.
This SEI layer concomitantly filled with electrolyte or dissolved, becoming indistinguishable from the electrolyte via contrast
in scattering-length density (SLD). During the second current cycle, Li-containing species again preferentially deposited
directly atop the cathode, with the thick SEl-like layer again appearing within a minute. This SEI layer exhibited a lower SLD
more quickly than in the first cycle, which might suggest that Li-containing species become distributed within the porous SEI
layer. Thus, these time-resolved observations of SEl and plated layers during current cycling suggest that benefits associated
with return to open-circuit conditions between periods of applied current density may be related to the concomitant loss of
Li-containing species from a thin layer at the cathode surface into a porous SEI layer that becomes filled with electrolyte or
dissolves.
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Introduction

Ammonia is produced on a massive scale (> 170 Mton yr?)
and is a critical fertilizer source to support global agriculture.l?
Interest in the use of ammonia as a renewable energy carrier has
additionally emerged in recent years both as a hydrogen storage
vector and as a fuel.3-® Currently, ammonia is produced directly from
N, and H, industrially via the Haber-Bosch process, which operates
at high temperatures (450-500 °C) and pressures (200 bar), is driven
by fossil fuel sources, and produces significant CO, emissions (420
Mton yrt).4

The electrochemical N, reduction reaction (NRR) to NH;
has been proposed as a path toward sustainable, decentralizable NH3
production — it can be directly coupled to renewable electricity, and
it can operate at low temperatures and pressures. In particular,
significant effort has been directed toward non-aqueous, Li-
mediated NRR (Li-NRR), which has been shown to reliably produce
ammonia via a posited mechanism in which Li is first deposited onto
the cathode and subsequently reacts with N, and EtOH in the non-
aqueous electrolyte to produce NH3 and Li ethoxide, with parasitic
reactions also occurring between deposited Li and the electrolyte
that lead to losses in activity toward the Li-NRR.”%? A variety of
methods have been explored to improve Li-NRR performance,0-15
and cycling the applied current between open-circuit and cathodic
conditions at potentials negative of E,;,;;has been shown to improve
selectivity, increasing FEyyz by 75% relative to constant-current
conditions.!® This improvement in selectivity has been attributed to
a variety of factors, including 1) the limiting of total Li deposited at
the electrode surface, promoting a smoother surface that facilitates
LisN formation, 2) the formation of passivating solid-electrolyte
interphase (SEI) species that maintain electrode stability and control
proton, Li, and N, transport to the electrode, and 3) the prevention
of solvent decomposition at the cathode surface.16-18

However, understanding the relationship between the

electrode-electrolyte interface structure and electrochemical
performance is hampered by the highly reactive nature and air/water
sensitivity of these non-aqueous and Li-containing system
components. This makes it difficult to accurately observe the nature
of the interface as it is under operating conditions using ex situ
techniques and highlights the need for in situ techniques to
interrogate the interfacial structure relevant to the electrochemical
reaction.®2! Neutron techniques are particularly well-suited to the
study of Li species because, unlike X-ray scattering cross sections,
neutron scattering cross-sections are not directly related to
elemental atomic number. Further, reflectivity methods can provide
indicators of composition, thickness, and roughness of both
amorphous and crystalline material layers.2>22 These methods are
particularly powerful when coupled with the ability to identify
crystalline material phases provided by in situ grazing-incidence X-

ray diffraction (GI-XRD). Thus, the combination of neutron

2| J. Name., 2012, 00, 1-3

reflectometry and GI-XRD is uniquely well-suited to the mechanistic
study of non-aqueous, Li-NRR because it affords the ability to provide
information concerning amorphous SEI layer composition with an
increased sensitivity to Li species along with crystalline material
phases formed at the electrode surface.

We have previously used time-resolved neutron
reflectometry to investigate Li-NRR at -0.1 mA cm under constant
current conditions, finding that at short times (~5 min), Li-rich
surface layers form at the electrode surface. 2° Herein, we have
extended the use of in situ time-resolved neutron reflectometry to
investigate the electrode-electrolyte interface during current cycling
under Li-NRR conditions and at higher current densities (-0.5 mA cm-
2). We have combined this technique with in situ synchrotron
grazing-incidence X-ray diffraction (GI-XRD) to evaluate the resulting
layer composition and formation dynamics in order to gain a deeper
understanding of the complex electrode/electrolyte interfacial
dynamics that influence Li-NRR performance under current cycling

conditions.

Experimental

Experimental details can be found in the Supporting
Information. Briefly, electrochemical measurements were made
using a previously reported electrochemical cell designed specifically
for neutron reflectivity measurements.3° The cathode consisted of 50
nm of Mo deposited via physical vapor deposition (PVD) onto a Si
wafer (Figure S1). The anode consisted of 100 nm Pt on a 3-nm Ti
sticking layer deposited via PVD onto a Si wafer. The electrolyte
consisted of dg-THF, 0.2 M LiCIO,;, and 0.17 M EtOH and was
saturated with purified N,. Care was taken to ensure that the system
was closed to avoid inhalation of the THF-based electrolyte. All
electrochemical cells were prepared in an Ar glovebox prior to testing
(Figure S2).

Neutron reflectivity measurements were performed using
the Liquids Reflectometer (LR) at the Spallation Neutron Source at
Oak Ridge National Laboratory. The LR is a time-of-flight (TOF)
reflectometer with a wavelength band of approximately 3.5 A
provided by an accelerator pulse frequency of 60 Hz. It is capable of
continuous single neutron detection, such that data acquired over a
long period of time can be split into time intervals as needed. Two
types of neutron reflectivity measurements were performed in this
work, one of which we have defined as a “steady-state”
measurement, and one of which we have designated a “time-
resolved” measurement. The steady-state measurement utilizes a
wide wavevector transfer range (0.008 < Q< 0.2 1/A), defined by Q=
4nsin(6)/L, where @ is the incident angle of the neutron and A its
wavelength. This measurement employs seven configurations that
are defined by a particular value of #and wavelength band. For the
time-resolved configuration, a smaller Q-range was used by selecting
a single configuration defined by a @&value and wavelength band
such that scattered neutrons were counted continuously and the

This journal is © The Royal Society of Chemistry 20xx
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reflectivity data later binned into specific time intervals. The binning
time interval was chosen by examining various time intervals and
determining the largest time interval during which the reflectivity
measurements of the interface were approximately constant within
counting statistics. This allowed for usage of the maximum number
of neutron counts for each time interval in order to facilitate
modeling of the reflectivity curves while still allowing us to
distinguish changes occurring at the electrode-electrolyte interface.
The time intervals employed in this work ranged from 15 seconds to
30 seconds.

The neutron reflectivity measurements were then
modeled using the reflld package,3! which uses a set of slabs, each
with a thickness, scattering-length density (SLD), and roughness
parameter, to fit the reflectivity curves. The SLD is related to the
neutron scattering length and volumetric density of the atoms in

each layer and is defined by SLD(z) = X.nb; where b; is the

coherent scattering length and n; is the number density of nuclei of
type i as a function of depth z. The extracted SLD profile provides
information about the composition of thin films as a function of
depth.

Synchrotron GI-XRD measurements with an incident X-ray
energy of 17 keV (0.729 A) were performed in situ at beam line 2-1
at the Stanford Synchrotron Radiation Lightsource (SSRL) using a
custom-designed electrochemical cell.32 Measurements were
executed at an incident X-ray angle of 0.2 — 0.5°, with the grazing
incidence angle and Pilatus 100K area detector controlled using a
Huber two-circle goniometer. A 26 window of 9° - 30° was used in
order to capture the peaks of interest of Li-containing species, which
are concentrated at 20 < 20°, and measurements were taken using
60 points within this wavelength range, at 3 sec/point. Two-
dimensional Pilatus images were acquired, and these images were
then converted into 20-values by performing an integration across
the image pixels. A spline interpolation method was then used to fit
the baseline of these integrated data, and this baseline was
subtracted to correct for the measurement background. To compare
between measurements, the background-subtracted data were then
normalized to the maximum intensity value located between 20 =
18° and 26 = 19,° which corresponded to the Mo peak at ~260 = 18.5.°
All post-experimental cathode samples were placed into an excess of
mineral oil to avoid exposure of any plated lithium metal to air or

water.

Results & discussion

Initial state of the electrode-electrolyte interface

A neutron reflectivity measurement of the cathode-
electrolyte interface in the filled electrochemical cell was executed
at open-circuit conditions using the steady-state measurement
configuration to establish a baseline for subsequent measurements
and models. We describe this initial measurement as “OCP 1” (Figure
S3; OCP = potential). shows

open-circuit Figure 1

This journal is © The Royal Society of Chemistry 20xx
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chronopotentiometry (Figure 1a), reflectivity data (Figure 1b), and
corresponding reflectivity models and SLD profiles (Figure 1c). Initial
steady-state measurements at OCP are presented in Figures 1b and
1c. The model of this reflectivity curve at OCP (Figures 1b and S4)
corresponds to the SLD profile shown on Figure 1c (“Pre cycle 1”),
providing a description of the electrode-electrolyte interface in its
initial state. The “Pre cycle 1” model shows a layer directly atop the
Si wafer with a thickness of 500 A and SLD of 4.35 x 106 A2 (Table
S1), which is consistent with the deposited Mo layer (Table S2). A
layer, which we identify as Layer 1, with thickness 49 A and slightly
lower SLD value (4.2 x10 A2) was required on top of the Mo layer
to achieve a satisfactory model of the data. We have attributed this
surface layer to an oxidized Mo layer (see Figure S4), which would be
expected to form on a Mo surface upon exposure to air and is further
supported by x-ray photoelectron spectroscopy (XPS) analysis (Figure
S5).33 Above the oxide layer, the model shows an increase in SLD
value to 6.2 x106A-2, which is consistent with the expected SLD value
of the dg-THF-based electrolyte (Table S2).

Overview of the dynamics of the electrode-electrolyte interface

Table 1 presents an overview of the results that will be
referred to throughout this work, with Row 1 corresponding to
measurements of the initial state of electrode-electrolyte interface,
as described above. For the measurements of the dynamic electrode-
electrolyte interface detailed below, in brief, we observed two
distinct layers, noted Layer 1 and Layer 2; Layer 2 was ascribed to an
SEI layer atop a thinner layer (Layer 1) in which lithium-containing
species were concentrated. The SEI layer (Layer 2) was observed to
appear and disappear throughout the measurements based on the
experimental conditions, with the thickness and composition of each
layer being a strong function of the applied current. In particular,
lithium-containing species were found to be mobile into and out of
Layer 1 depending on whether the electrode was under open-circuit
conditions or an applied current.

Time-resolved measurements of the first application of current
density

After having established open circuit conditions (Row 1),
we then applied a current density of -0.5 mA cm™ to the cathode for
2 min; Rows 2-5 of Table 1 note observations in 15-second intervals
for the first minute. A geometric current density of -0.5 mA cm2 was
chosen because this value is close to the geometric current densities
of -1 to -2 mA cm? that are often reported for other planar Li-NRR
systems while remaining low enough to maintain a sufficiently
smooth, thin sample surface to obtain well-defined reflectivity
curves that could be modeled (see SI). We performed NH;3
quantification in benchtop cycling experiments under similar
conditions in the same electrochemical cell (Figure S6). These
experiments showed efficacy toward producing NHs;, though
Faradaic efficiencies are low as would be expected for a low-volume
cell through which N, is not continuously sparged nor electrolyte
We posit that the the
electrolyte/electrode interface are sufficiently reflective of the

circulated. initial conditions at

J. Name., 2013, 00, 1-3 | 3
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Table 1. Overview of dynamic neutron reflectivity results

broadly instructive toward understanding interfacial layer
development during Li-NRR. We thus focus our discussion on Li
Row | Electrochemistry Time interval | Layer1 Layer 2 Interpretation
1 Initial open-circuit ~1 hour for Layer with SLD slightly N/A MoO, layer atop Mo metal
conditions, measured in measurement, lower than Mo metal cathode
“steady-state” (Figure 1c, Pre
configuration cycle 1)

2 1t CP (-0.5 mA cm?) 0<t<15s SLD decreases with little N/A Concomitant increase in
(Figure 1c, change in thickness lithium content and
blue) reduction of surface MoO,

3 15<t<30s SLD decreases; thickness N/A Continued increase of
(Figure 1c, increases lithium-containing species in
yellow) Layer 1

4 30<t<45s SLD decreases slightly Thick layer with higher An SEl layer likely consisting
(Figure 1c, light SLD of electrolyte decomposition
green) products appears atop Layer

1
5 45<t<60s SLD decreases significantly | SLD and thickness Content of lithium-containing
(Figure 1c, red) | and layer becomes decrease species in Layer 1 increases
thicker/more diffuse significantly, causing layer
thickness to increase quickly
and become more diffuse
with SEI layer (Layer 2)

6 Open circuit, wheret=0 | 0<t<30s SLD increases SLD remains at same Much of the lithium-

s corresponds to 7 min (Figure 3c, value with larger containing species are lost

following the return to blue) thickness from Layer 1, while the thick

OocCP SEl layer remains atop Layer
1

7 870 < t < 900s SLD and thickness SLD increases slightly Layers are relatively stable
(Figure 3c, approximately constant 5.9 x 10°A2, and
green) thickness decreases

8 ~1 hr for SLD and thickness N/A Layer 1 remains stable; the
measurement, approximately constant SEl layer can no longer be
Post Cycle 1 distinguished from the
(full electrolyte, suggesting it has
measurement dissolved or that it is porous
after 1650 s), and has been filled with
Figure 3c, electrolyte
brown

9 2" CP (-0.5 mA cm™) 0<t<15s SLD decreases slightly, and | N/A Lithium content of Layer 1
(Figure 4c, thickness increases slightly begins to increase
blue)

10 15<t<30s SLD continues to decrease | Thicker layer appears Evidence of a thick SEI layer
(Figure 4c, and thickness increases with higher SLD atop Layer 1 reappears in the
yellow) NR pattern

11 30<t<45s SLD continues to decrease | Layer becomes more Layer 1 continues to increase
(Figure 4c, light | and thickness remains diffuse in content of lithium-
green) approximately constant containing species, with both

layers becoming more
diffuse

plating and SEl formation under NRR-relevant current-density cycling
conditions, and we note that future cell designs are being developed
to optimize N, transport and performance under in situ NR
conditions.

Time-resolved chronopotentiometry and corresponding
time-resolved neutron reflectivity data, models, and SLD profiles are
presented in Figure 1 and Table 1, Rows 2-5, tracking the time
evolution of layer growth at the interface during the application of -
0.5 mA cm2to the cathode (see SI, Figure S7, and Table S3 for further

4| J. Name., 2012, 00, 1-3

details). We observed an initial decrease in potential toward a
plateau between -2.8 and -3 Vjg/agcl at approximately 30 sec, which
was then followed by a second decrease in potential to -4.8 Vag/agci
(Figure 1a). This behavior suggests that there may be two
consecutive, distinct processes occurring at the electrode during the
two minutes of applied current density. Linear sweep voltammetry
(LSV) in this electrochemical cell suggests that Li plating likely occurs
near -3 Vag/agcl (Figure S8), which corresponds to the plateau seen in
the chronopotentiometry as well as the standard Li*/Li reduction
potential. Thus, these two sections of the potential curve may be

This journal is © The Royal Society of Chemistry 20xx
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related to an initial reordering of electrolyte species such as Li* ions
and solvent degradation products at the potential plateau, after
which the potential becomes increasingly negative as additional
reactions of the solvent with the plated Li occur.34-36
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The time evolution of the SLD profiles of the electrode-
electrolyte interface corresponding to the reflectivity models
presented in Figure 1b is shown in Figure 1c and represented

(b)
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Figure 1. (a) Chronopotentiometry at -0.5 mA cm2 for two minutes for a 50-nm Mo film cathode and an electrolyte of dg-THF, 0.2 M LiClO,,
0.17 M EtOH, pre-sparged with purified N,. (b) Reflectivity curves corresponding to the steady-state, pre-chronopotentiometry condition
(‘Pre cycle 1) and time-resolved reflectivity measurements corresponding to the time points indicated in (a). Reflectivity data were binned
in 15-sec intervals, and the time point drop lines in (a) are located at the midpoint of each of these intervals. Reflectivity data in (b) are shown
as points. The fit lines in (b) represent the theoretical reflectivity curve of the corresponding modeled interfaces. (c) SLD profiles
corresponding to these models for each time interval with the 90% confidence interval as a function of z for each model shown as a shaded
region. For each measurement, the SLD profile corresponds to the best overall model found, which is not necessarily at the center of the
confidence level band (see Sl). (d) A schematic of layer evolution. In all plotted SLD profiles, the SLD is plotted versus z, where z = 0 A is

defined at the surface of the Si wafer, and positive values of z correspond to the distance from the wafer surface toward the electrolyte.

schematically in Figure 1d. Within the first 30 sec of applying a
current density (Table 1, Rows 2 and 3), the SLD of Layer 1 decreases
to 3 x 106 A2 while the thickness increases slightly, with the interface
between the Mo and the plated layer becoming increasingly rough.
We attribute these changes to a possible concomitant increase in Li
content within this layer or Li* accumulation within the double-layer
reduction of the Mo/Mo0O,/Mo0Oj; surface layer.?? This reduction of
the surface oxide has also been observed via in situ GI-XRD (grazing
incidence diffraction) measurements3? during
chronopotentiometry at a higher current density of -1 mA cm and

X-ray

This journal is © The Royal Society of Chemistry 20xx

LiClO4 concentration of 0.5 M, which show the disappearance of the
initial MoOs peak at 20 = 16.7° as charge is passed (Figures S9-S12).
Because this surface oxide is likely porous with a low density3” and
the potential of -2.3 Vag/aeq at this timepoint is positive of the Li
plating potential (Figure S8), we attribute the decrease in SLD of
Layer 1 to Li* ions intercalating into the molybdenum oxide as it is
reduced as opposed to the appearance of an additional, separate Li-
containing layer under these galvanostatic conditions.383° Further
below we describe the use of in-situ GI-XRD as a means to more
deeply characterize the nature of the Li-containing layer, which could

J. Name., 2013, 00, 1-3 | 5
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potentially contain a range of Li-based species including (but not
limited to) Li,0, LiOH, LisN, etc.

The continued decrease in the SLD of Layer 1 as the
potential reaches the Li plating potential (t = 27 sec and thereafter)
is indicative of further accumulation of Li-containing species within
this layer, as has been previously reported.?®38 Although the plateau
in potential presented in Figure 1a suggests that Li plating begins to
occur att=27s, the modeled SLD values of Layer 1 (Figure 1c) do not
reach values that might be associated with a pure Li layer (-1 x 10
A2, Table S2) until the binning interval between 45 and 60 sec (Table
1, Row 5). However, it is important to note that because the SLD is
calculated via a sum over all atoms in a material and depends on
additional factors such as material density, it is difficult to definitively
attribute such SLD values to specific compositional species. Lithiation
and Li plating are typically identified via neutron reflectometry by a
decrease in SLD toward increasingly negative values rather than an
SLD value of exactly -1 x 106 A2, and the decrease in SLD of Layer 1
presented in Figure 1c is consistent with past neutron reflectometry
reports of Li plating in nonaqueous solvents.?>3840 Thus, we attribute
the decrease in SLD of Layer 1 over the course of these time-resolved
measurements to an increase in concentration of lithium-containing
species within the layer.

Between t = 30 s and 45 s, the SLD of Layer 1 continued to
decrease as the potential decreased to values negative of the Li
plating potential (Table 1, Row 4), and the SLD of the layer attributed
to the original Mo layer also dropped slightly to about 4.15 x 106 A-
2, Although this difference in SLD of about 5% may be a modeling
artifact, it could also potentially be attributed to changes in the
microstructure of the Mo thin film or Li incorporation, as discussed
in the SI. In addition to these observed changes in the “Mo” layer, a
second layer (Layer 2) forms on top of Layer 1. Layer 2 appears at a
much higher SLD (5.9 x 106 A-2) and is significantly thicker and more
diffuse than Layer 1, which is consistent with our previous work. The
SLD value is slightly lower than that of dg-THF (6.2 x 10 A2), which
suggests the layer is closely related to dg-THF or a related solvent
decomposition product, as a lower SLD value would be expected for
In addition to ds-
tetrahydrofuran-2-ol, such decomposition products could include

a product such as dg-tetrahydrofuran-2-ol.41:42

species such as 4-hydroxybutanal and 2-ethoxytetrahydrofuran, as
both species have been shown to result from either ring-opening
reactions of THF with Li metal at the cathode or oxidation of the
solvent at the anode in Li-NRR systems.364143 This layer at the
cathode surface might also be expected to include Li ethoxide, which
is expected as a by-product of the reaction of LizN with EtOH to form
NHs. However, Li ethoxide exhibits a very low SLD value (-0.143 x 10
A-2), likely precluding its inclusion in Layer 2 in any significant
quantity. We therefore refer to Layer 2 as an SEl-type layer, where
we define an SEl layer in this system as a layer that does not contain
a significant concentration of Li-containing species, and is rather
composed of organic electrolyte decomposition products.

6 | J. Name., 2012, 00, 1-3

The final measurement between t = 45 s and 60 s (Figure
1c, red) shows dramatic differences in SLD profile from the three
prior profiles (Table 1, Row 5). The largest changes can be seen in
Layer 1 and Layer 2 — Layer 1 exhibits a dramatic decrease in SLD
relative to the profile at 30 sec, from approximately 2.0 x 106 A2to
between -1 and 1 x 10 A2, We note that, by 45 sec, the models
become less certain, and such uncertainties allow for a wide range of
thickness and SLD values for the SEI (Figure 1c, red shaded region).
Thus, the interface between the Li-containing and SEl layers becomes
ill-defined as the layers become increasingly diffuse. The potential
during this time interval begins to decrease relative to the plateau
near the Li-plating potential observed between t =30 and 45 sec. This
decrease in potential is likely related to the observed increase in
thickness and diffusivity of both the layers. Indeed, the rapid drop-
off in potential after 60 seconds is almost certainly related to the fast
buildup of these layers at the surface that resulted in our difficulties
modeling the measured reflectivity profiles beyond the first minute
of chronopotentiometry (see Figure S7). A value of -1 x 106 A2 might
indicate a layer close to pure metallic Li, while a value of +1 x 106 A-
2could be consistent with a variety of Li-containing species (Table S2).
In situ GI-XRD measurements during chronopotentiometry at a
higher current density of -1 mA cm? with a higher LiCIO,4
concentration (0.5 M) (Figures S9-S11) suggest that the primary
species observed during chronopotentiometry is LiOH, which shows
a characteristic peak at 20 = 25.63° (Figure S12). However, this peak
remains small and it is possible that the deposited material that can
clearly be observed by eye (Figure S11), is deposited amorphously or
has too low of an X-ray scattering cross section to be easily observed
with the 17 keV X-rays used. Thus, Layer 1 appears to become
significantly enriched with Li-containing species between t =35 s and
t = 45 s, but it is difficult to determine the exact identity of these
species.

If Layer 1 were assumed to consist entirely of
electrodeposited metallic lithium, with plating beginning at the start
of the chronopotentiometry plateau at t = 27 s, then by the end of
the potential plateau (t = 37 s), a Li layer with a thickness of 62 A
would be expected to have formed. This thickness would then be
expected to increase to 204 A after 60 sec of chronopotentiometry.
The SLD profiles in Figure 1c indicate that Layer 1 is present at
potentials positive of the Li plating potential with a thickness
between 46 A and 64 A (Table S3) and does not increase significantly
in thickness until 45 sec < t < 60 sec, at which point the layer grows
to 244 A (Table S3). Thus, because this layer is thicker than would be
expected for a pure electrodeposited metallic Li layer and because a
layer forms at the Mo surface even before the potential of Li plating
is reached, it is likely some portion of the applied current density is
being directed toward electrolyte breakdown in addition to plating
of metallic Li and possible formation of additional Li-containing
species.

Layer 2 additionally grew significantly and decreased in SLD
value relative to the previous SLD profile (Figure 1c, green). This
growth in thickness could be indicative of a primarily carbonaceous

This journal is © The Royal Society of Chemistry 20xx
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layer that grows as a result of decomposition of dg-THF, while the
slight decrease SLD may suggest that this layer also contains Li-
containing species that diffuse through the layer to reach Layer 1 and
the cathode surface.

In situ GI-XRD measurements shed some light upon the
possible composition of Layer 1. Figure 2 presents synchrotron Gl-
XRD that were performed during chronopotentiometry at current
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Figure 2. Synchrotron GI-XRD measurements of a cathode consisting of 50 nm Mo deposited via PVD onto a Si wafer during
chronopotentiometry at j = -1 mA cm2 (see Figure $13) and an X-ray energy of 17 keV (0.729 A). The electrolyte was composed of 0.5 M
LiClO4 in THF and (a) no EtOH, sparged continuously with purified N,, (b) 0.17 M EtOH, sparged continuously with purified N,, (c) no EtOH,
sparged continuously with purified Ar, and (d) 0.17 M EtOH, sparged continuously with purified Ar. Each diffractogram is labeled with the
charge passed at the time of the GI-XRD measurement, in coulombs. “CP” refers to “chronopotentiometry.” Pre-CP measurements were
made in the electrochemical cell filled with electrolyte before a current density was applied to the cathode. The Inorganic Crystal Structure
Database (ICSD) reference patterns used were Mo (52267), MoOs; (35076), Li (44367), Li,O (54368), LIOH (26892), and LizN (34280).

S12), the presence of which concurs with pre-electrochemistry XPS
measurements of the sample surface, which show the presence of a
mixture of Mo®, MoO,, and MoOQs (Figure $14). The two Ar conditions
did not reveal XRD peaks in positions that would be consistent with
a nitrogen-containing species. Although Figures 2c and 2d might
initially appear to show broad peaks between 20 = 10° and 260 = 11°,
closer inspection of the data before background subtraction (Figures
S15 and S16) indicate that these peaks arise from the incomplete
background subtraction of the data rather than the presence of real
peaks. However, other Li-containing species including LiOH, Li° and
Li,O do appear under Ar conditions, with Li® appearing only without

This journal is © The Royal Society of Chemistry 20xx

EtOH. The assignment of the sharp peak at 31.2° remains unclear
(see Sl for further discussion).

The XRD pattern obtained under Nj-saturated, EtOH-
excluded electrolyte conditions showed a peak at 20 = 11.1°, which
we attribute to the a-phase of LisN (Figure 2a, Figure S17). Although
this peak is relatively small, it appears clearly relative to the
background GI-XRD signal, and its identity is supported by reports in
the battery literature that have shown that LisN is often observed via
XRD by only a single peak near 20 = 11.1°,* with the remaining LisN
peaks being too low in intensity to detect. Given the low observed
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peak intensity, we would not expect to observe additional peaks
based on the ratio of intensities between the first two peaks shown
by the reference LisN pattern (Figure S12). Furthermore, when a
piece of Li foil was placed in the GI-XRD cell with electrolyte at open-
circuit conditions, we again observed the slow appearance of this
peak at 20 = 11.1° under continuous N, sparging of the pumped
electrolyte (Figure S18, S19), suggesting that this peak is indeed
related to the presence of N, gas in the presence of Li°.

It additionally appears that the gas environment may affect
the extent to which LiOH forms at the electrode surface (Figures 2a
and 2c). In general, Li is not reactive in the presence of completely
dry gases.*® Itis thus possible that there was simply more trace water
in the N,-sparged electrolyte than the Ar-sparged electrolyte, despite
our best efforts to minimize water and air exposure by preparing the
electrolyte and cell assembly in an Ar glovebox (see Sl). However, we
note that it has been shown that a film of LiOH present on the surface
of Li metal promotes the formation of LisN, which can subsequently
decompose to LiOH in the presence of water.*> Thus, the presence of
a LiOH film due to the small quantities of water that are likely in this
system could promote the formation of LisN within the deposited Li
layer, thereby promoting the additional formation of LiOH via the
decomposition of the nitride.*647

Figure 2b shows that the presumed LisN peak does not
appear under N, sparging in the presence of 0.17 M EtOH, which are
the conditions expected to form NH; at a low FEyys (Figure S20).
Although a broad peak appeared near 20 = 11°, inspection of the XRD
patterns before background subtraction (Figure S21) again suggests
that this “peak” is simply associated with the baseline fitting and
background subtraction rather than the presence of a nitride.
However, real peaks do appear at 20 = 13.7°, 21.8°, 22.3°, and again
at 31.2° as was seen for each of the other experimental conditions.
Although the peak at 21.8° could be consistent with Li,O or hydrated
LiOH (LiOH (H,0)), we cannot definitively attribute this peak to those
species because we did not also observe the peaks that would be
expected to appear with a higher intensity at lower 20 (Figure S12).
We do note that the MosSi; reference pattern shows a peak at 13.7°
and has a peak of highest intensity at 19.2° (Figure S22). This could
be consistent with the broadening of this Mo peak toward higher 20,
although peak broadening has also been attributed to increased
microstrain and defect formation in Mo thin films.*8

Thus, the GI-XRD measurements demonstrated that, for
the Nj-sparged, EtOH-containing electrolyte used in the neutron
reflectometry experiments, Layer 1 would not be expected to
contain a large quantity of LisN, as crystalline LizsN was observable via
GI-XRD only in an N,-sparged electrolyte without EtOH. For this GI-
XRD condition, a long period of time (25 min, -2.5 C passed, Figure
2a) corresponding to deposition of a Li metal layer with a thickness
of 1.76 um on the cathode surface was required in order to observe
the LizN, which is consistent with past reports that suggest that the
formation of LisN is the rate-limiting step of the NRR mechanism and
the reaction of LizN with EtOH is fast.!8 This slow formation may also

8| J. Name., 2012, 00, 1-3

be related to the phenomenon that Li nitridation is promoted by
impurities such as oxygen and/or water as well as the presence of a
LiOH layer.#># Figure 2 also suggests that crystalline Li metal would
not be expected to compose a large portion of Layer 1. Rather, it is
more likely that Layer 1 consists of a mixture of LiOH, LiOH (H,0),
Li,O, and a small quantity of LizN that reacts rapidly with EtOH upon
formation. Thus, the increase in content of Li-containing species in
Layer 1 shown by the SLD profiles in Figure 1c can likely be attributed
to the formation of these species upon quick reaction of plated Li
with impurities in the electrolyte rather than the plating of a pure
phase of metallic Li.

The presence of a peak at 20 = 31.2° in nearly all
experimental conditions presented in Figure 2 suggests that either
Layer 1 or Layer 2 may contain a crystalline material formed as a
result of solvent breakdown that is not dependent on the identity of
the sparging gas. This could suggest that the SEl layer may not consist
entirely of amorphous species, as might have been expected for a
largely carbonaceous SEI.

It is important to consider how the formation of such
layered structures at the electrode-electrolyte interface during short
cycles of chronopotentiometry may be beneficial or detrimental to
the formation of NH3 via the NRR mechanism involving formation of
LisN. Firstly, allowing for the accumulation of Li* ions at the Mo/MoO,
surface prior to the Li plating potential being reached may facilitate
the formation of a thin Li-containing layer, which has been posited to
promote LisN formation.® It may also be possible that this porous SEI
layer could promote nitride formation by allowing for better contact
time between N, in the electrolyte and Li species present within the
pores via the increase in surface area afforded by the porous layer.
SEl layers are widely known in the LIB literature to passivate the
electrode surface and improve system stability by limiting electrolyte
degradation.>%>! Here, this SEI layer likely controls Li*, EtOH, and N,
diffusion to the cathode surface as is evidenced by the lowering of
the SLD as the layer grows, which would suggest either that it
becomes a solid mixture of species that prevent the electrolyte from
contacting the cathode or that Li-containing species may be present
within the pores. It is also possible that some portion of this layer is
composed of the by-product of the NRR, lithium ethoxide (calculated
SLD of -0.14 x 10° A2), which is known to be electronically
passivating and could be detrimental to further formation of LisN and
subsequent conversion to NHs.

Thus, during this first application of a period of current, we
observed the development of a bilayer system in which, at potentials
just positive of the Li plating potential, there is an accumulation of Li*
ions or Li-containing species at the cathode surface that diffuse into
the upper Mo/Mo0O,/MoQO; layer. Upon reaching the Li plating
potential, Layer 1 becomes dominated with Li-containing species, on
top of which a much thicker, diffuse SEI-type layer (Layer 2) forms.
The SLD of this layer begins near that of dg-THF, suggesting that it is
composed of carbonaceous solvent decomposition species, but by 60
sec decreases as the layer increases in thickness, suggesting that the
SEl layer either develops a very porous structure or that Li* ions are

This journal is © The Royal Society of Chemistry 20xx
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diffusing and Li metal is plated within the pores. It is thus clear that
the formation of material layers at the electrode-electrolyte
interface occurs on a very short timescale, and such layers are highly
dynamic even during short periods of chronopotentiometry, almost
certainly having large implications on system performance during
potential cycling.

Time-resolved measurements upon return to open-circuit
conditions

Immediately following the CP in Figure 1, the cathode was returned
to open-circuit conditions (Table 1, Row 6). Using the same time-
resolved configuration, neutron reflectivity measurements were
performed until the measured open-circuit potential reached a
steady-state, which required 48 min (Figure 3a). These time-resolved
measurements were initiated 7 min after the cathode had been
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returned to open-circuit conditions (see Sl, Figure S23 and Table S4
for details). These reflectivity data were binned into 30-sec
increments and modeled (Figure S23 and Table S4, see S| discussion
for further details), and the time evolution of selected corresponding
SLD profiles during this time period are shown in Figure 3c and
described in Table 1, rows 6-8. Upon reaching a steady open-circuit
potential, a steady-state neutron reflectivity measurement was
executed using all seven configurations in order to determine the
stable state of the electrode-electrolyte interface (orange curve in
Figure S4, and brown curve in Figure 3b, Table S1). We emphasize
that these reflectivity measurements performed at OCP were
significantly more straightforward to model than those under CP
conditions, with the confidence intervals presented in Figure 3c
indicating that the slab parameters identified by the DREAM
algorithm describe the presented SLD profiles well.
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Figure 3. (a) Cathode potential versus time at open-circuit conditions. Time periods during which time-resolved and steady-state neutron
reflectivity measurements are indicated in brackets. Time evolution of selected (b) reflectivity profiles and (c) SLD profiles obtained from the
fits of the neutron reflectivity data during this time period are presented (see Figure $S23 and Table S4 for fitted reflectivity data and more
detailed model information). Time t = 0 sec in (b) corresponds to the dotted line shown in (a), which occurs 7 min after the start of the return
to OCP. The steady-state measurement indicated in (a) (Figure S3, OCP 2) is shown in (b) as “Post cycle 1.” A schematic of layer evolution is
shown in (d).
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Over the course of the time-resolved measurement at OCP,
Layer 1 does not vary significantly in SLD and thickness, indicating
that this layer is relatively stable at open-circuit conditions. However,
we note that the SLD value at the beginning of these time-resolved
measurements at OCP (3.7 x 10°A-2, t = 0 s in Table $4) is significantly
higher than the previously-discussed SLD value reached by Layer 1
during the first period of chronopotentiometry (-1 x 106 A2, Table
S3, Figure 1c). This higher SLD value is indicative of a significantly
lower concentration of Li-containing species in Layer 1 after 7 min at
OCP (Table 1, Row 6). It is therefore clear that this layer was highly
dynamic during the first 7 min at OCP before time-resolved
measurements were initiated, with most of the Li-containing species
being removed from the layer. Thus, it appears that Layer 1 stabilized
following the removal of the majority of the Li-containing species
upon return to OCP.

Contrastingly, Layer 2 exhibited clear changes over the
course of these time-resolved measurements at OCP. This layer
increased in SLD such that, by the “Post cycle 1” steady-state
measurement (“OCP 2” in Figure S4), the layer was no longer
distinguishable as a separate layer from the dg-THF electrolyte
(Figure 3b; Table 1, Rows 7 and 8). The large roughness values of
Layer 2 (Table S4) coupled with the increase in SLD value from 5.7 x
106A2to ~6.0 x 106 A2, which is a value close to that of dg-THF (6.2
x 10 A-2), suggest that the SEI layer may be a porous layer that
becomes filled with dg-THF. Although the SLD of a porous layer would
typically be expected to decrease relative to that of a less-porous
layer of that same material, the filling of the pores with a solvent
possessing a higher SLD, such as dg-THF, would be expected to
increase the SLD of the layer. This filling would result in the observed
decrease in modeled layer thickness as the contrast in SLD between
Layer 2 and the electrolyte steadily decreases. It is possible, then,
that the SEI layer either fully dissolves upon reaching a steady-state
potential, or that it is highly porous and becomes filled with
electrolyte.

Thus, at OCP it appears that a small portion of the Li-
containing Layer 1 dissolves either into the SEl layer or into the
electrolyte, lowering the concentration of Li-containing species in the
layer and leaving behind solvent decomposition species, while the
SEl layer fills with electrolyte. We note that, despite the Li content of
Layer 1 decreasing, we did not observe a corresponding increase in
Li-containing species in the SEI layer (which would be exhibited by a
lowering of the SLD), suggesting that the Li-containing species are
distributed upward through the SEI layer into the electrolyte at a
concentration low enough that they do not significantly influence the
SLD of the SEI.

One hypothesis regarding improvements in FEyys related
to current density cycling is that, by returning to open-circuit
conditions following the short application of a current density, the
plated Li that remains unused in NH; formation is either (1) dissolved
from the electrode surface as Li*, recovering plated Li that has not
reacted to form the nitride, as well as preventing further
decomposition of the THF which results from reaction of the solvent
with Li metal, or (2) used to carry out the chemical portion of the
reactions in the NRR mechanisms, thus further increasing the FEyus
(Equations 2 and 3 below).16:2

Lit + e~ >Li® (1)
6Li° + N,—2LisN (2)
LisN +3EtOH—-NH; +3LiOEt (3)

Our time-resolved measurements indicate that the Li-
containing species within Layer 1 appear to leach out of the layer,
suggesting that Li species in the layer may be partially recovered into
the electrolyte by returning to open-circuit conditions. However, a
stable material layer does remain at the cathode surface, indicating
that, as was found in our previous work, returning to OCP does not
return the electrode-electrolyte interface to its initial state, and this
stable material may be related to carbonaceous electrolyte
degradation products containing a lower concentration of Li
species.?® Thus, it appears unlikely that the return to OCP facilitates
the uniform deposition of a Li-containing layer during future cycles
of chronopotentiometry, as has been posited. An alternative
hypothesis consistent with the electrode-electrolyte structure we
have observed is that the presence of a rough, thin layer at the
electrode-electrolyte interface after the initial cycle may facilitate
LisN formation by allowing for deposition of Li species onto a material
with a high surface area, improving contact of N, with the Li-
containing species deposited at the interface.

Additional benefits of returning to open-circuit conditions
may be associated with the observed changes in the SEI layer (Layer
2). Returning to OCP appears to allow the SEI layer to refill with and
perhaps dissolve in the electrolyte rather than continue to grow,
which may facilitate Li* transport through the SEI to Layer 1 and the
cathode surface upon subsequent reapplication of current density to
the working electrode. Prevention of continued growth of the SEI
layer may also minimize the formation of a thicker, more-dense,
electronically insulating layer at the cathode surface, which would
otherwise pose an obstacle to overall system stability.16:17:53
Additionally, if Li-containing species were formed/deposited within
this porous SEI during chronopotentiometry, the return to OCP may
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allow them to redissolve as the pores are filled with electrolyte Time-resolved measurements during second application of current
(indicated by the notable increase in SLD value of Layer 2) while density
holding them within the network close to the cathode surface. This  Following the return of the cathode to OCP, we again applied a
dissolution would prevent the clogging of these pores with Li- current density of -0.5 mA cm? for 2 min in a second
containing species, which could lead to an inability of N, to diffuse  chronopotentiometry cycle (Figure S24, Table 1, rows 9-11). The time
toward plated Li metal to form LizN. It is thus possible that the evolution of the reflectivity measurements performed during
benefits associated with current cycling are related to the deposition  chronopotentiometry is shown in Figure 4 along with the SLD profiles
of a thin layer of Li-containing species within these pores to facilitate  that correspond to these models (see Table S5 for model
contact with N, that is dissolved back into the electrolyte uponreturn  parameters). We again observed two regions of increasingly negative
to OCP, thereby preventing a loss of Li to build-up within the SEI  cathode potential with plateau behavior in between, although in this
layer. second cycle this plateau was not as well-defined and appears at a
slightly more positive potential than in the first cycle. A spike in
potential appears at 59 sec, which may be related to either bubble
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Figure 4. (a) Chronopotentiometry at -0.5 mA cm for 2 min in the same electrochemical cell. The time points at which the time-resolved
neutron reflectivity data were binned are indicated by colored drop lines. The drop lines are located at the midpoint of the binning intervals.
Reflectivity curves are shown in (b), with the steady-state reflectivity measurement indicated in Figure 2a presented in dark green as the
“Post cycle 1” and the time-resolved reflectivity measurements at 15, 30, and 45 sec shown in the remaining colors corresponding to the
time points indicated in (a). Reflectivity data are shown as points, while the modeled reflectivity curves are shown as lines. SLD profiles
corresponding to these models at each time point are shown in (c), with the 90% confidence interval as a function of z for each model shown
as a shaded region (see Sl for more model details). A schematic of layer evolution is shown in (d).
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formation at the counter electrode or the initiation of Li plating.
Because it is observed between -3 and -3.5 Vag/agci in most of the
subsequent cycles (Figure S25), which would be consistent with the
point at which Li plating should noticeably occur, this spike may be
related to the sudden deposition of Li metal at the surface from the
Li* ions that have accumulated at the cathode surface and within the
SEl pores.

Within the first 15 sec of chronopotentiometry (blue
curve), the SLD of Layer 1 immediately begins to decrease and the
layer thickness starts to increase, with no second layer present (Table
1, Row 9). This continues throughout the first 30 sec (Figure 4c,
yellow; Table 1, Row 10), Li-containing species again become
concentrated underneath the electrolyte-filled or dissolved SEl layer.

By 45 sec, Layer 2 again reappears, although it is difficult to
comment on the exact SLD values and thicknesses of both layers due
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to challenges associated with modeling this reflectivity curve (Table
1, Rows 10 and 11). The confidence interval shown in the shaded
region for the green curve indicates that Layer 1 exhibits an SLD value
between ~2.5 x 10 A2 and 3.0 x 10 A-2and thickness of the order
of 100 A, while Layer 2 has an SLD that varies between ~3 x 106 A2
and the SLD of the electrolyte, and thickness that appears to extend
to about 400 A. The sudden reappearance of Layer 2 between 15 < t
< 30 sec and 30 < t < 45 sec may suggest that this layer did not fully
dissolve at open-circuit conditions. Rather, Layer 2 continued to be
present as a porous layer and only became distinguishable from the
electrolyte once the application of a current density caused it to
become slightly lithiated as Li* ions diffused into the pores and
started to plate, forming Li-containing species and decreasing the
SLD. The sudden reappearance of the layer could have been caused
by an increase in the formation of carbonaceous solvent degradation
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Porous layer fills with
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Li* deposits to form Li-

0 containing species

Distance from Si wafer surface

Figure 5. Schematic of dynamic electrode-electrolyte interface under cycling-relevant conditions. “CP” refers to “chronopotentiometry,” and
“OCP” refers to “open-circuit conditions.” j refers to applied current density.
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species within the pores, thereby pushing solvent out of the layer,
which would also manifest as a decrease in SLD relative to dg-THF,
allowing the SEI layer to again become visible in the model. The
increase in thickness of Layer 2 in this cycle relative to Cycle 1 may
further suggest that, rather than fully dissolving at OCP, some portion
of Layer 2 that was too porous to be distinguished from the
electrolyte remained stable at the electrode-electrolyte interface. In
general, the thickness of the SEI layer appears to increase
significantly when the concentration of Li-containing species in Layer
1 noticeably increases.

Comparison between cycles

The data presented in Figures 1 — 4 provide a broad view
of the electrode-electrolyte interface during cycling conditions.
During the first application of a current density to the cathode, a
layer concentrated in Li-containing species grows within the oxide
surface layer as the oxide is reduced, on top of which a thick, diffuse
SEl-like layer develops. When the cathode is returned to open-circuit
conditions, the lithium content of Layer 1 decreases quickly, leaving
a stable, compact layer underneath the SEl-like layer. The porous SEI
layer then begins to fill with electrolyte or dissolve to the point that
it is no longer distinguishable from the electrolyte after 114 min at
OCP. Upon a second application of current density, the compact layer
again begins to grow in thickness and increase in Li-containing
species content, with the diffuse, SEl-like layer again appearing
within the first minute.

Comparing the SLD profiles during Cycle 1 with those
modeled during Cycle 2, it appears that the formation of Layer 1 at
the electrode-electrolyte interface exhibits similar behavior between
the cycles (Figure 5, CP 1 and 2). In general, the composition of Layer
1 at each time point is similar, as is demonstrated by the SLD values
of the layer. Layer 2 also exhibits similar behavior between the two
cycles, appearing within 30 sec of applied current density in both
Cycle 1 and Cycle 2. However, the SLD of Layer 2 drops to lower
values more quickly in Cycle 2 than in Cycle 1, which might suggest
that Li-containing species may be dispersed within the layer more
quickly as Li-containing species are again formed in Layer 1. Such a
scenario might be expected if the morphology of the porous SEI
network allows for better diffusion of Li-containing species in and out
of the SEl layer due to the cycling of the current density (Figure 5).

The presence of this large, diffuse, SEl layer atop the Li-
containing layer upon beginning application of subsequent current
density cycles likely plays a significant role in the future behavior of
the electrode-electrolyte interface. If this porous layer holds Li-
containing species closer to the cathode surface when they are
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dissolved at OCP and subsequently allows these species to be
deposited throughout a carbonaceous network in addition to a
concentrated layer (Layer 1) upon subsequent cycles of
chronopotentiometry, contact of Li-containing species with N, in the
electrolyte may be promoted. This could promote LizN formation and
subsequent NH; formation and thus be related to the improvements
in FEyp3 observed during cycling. In effect, the SEI would be acting as

a gas diffusion electrode structure.

Additionally, the thickness of Layer 1 in Cycle 2 was greater
than that observed in Cycle 1, suggesting that, with the continuation
of cycling, the Li-containing layer atop the electrode would gradually
build in thickness. One might assume that, over time, not all the Li-
containing species in the layer might dissolve during the OCP portion
of cycling, and that the increase in thickness results from the buildup
of undissolved Li-containing species over time. However, because
the SLD of Layer 1 did not appear significantly different between the
two cycles, it is possible that this increase in thickness is instead
related to the buildup of insoluble solvent degradation species rather
than lack of dissolution of Li-containing species. Thus, these
carbonaceous species likely slowly accumulate within the compact
Layer 1 over the course of cycling. Given that reports of current
density cycling demonstrate that performance can be maintained
over many hours,'116 rather than inhibiting the formation of LizN by
limiting access of Li* to the cathode surface, the presence of these
degradation species may provide a porous, high surface area onto
which Li is deposited, thus providing increased surface area for N, to
contact the plated Li and form LisN.

Although it is not trivial to extend conclusions based on
these measurements toward higher current densities, we anticipate
that general trends between applied current density and layer
growth will be consistent. Although specific layer parameters such as
thickness and porosity likely depend on the current density used, the
presence of at least two layers, with one predominantly consisting of
Li-containing species and one of solvent degradation species, would
be expected. The cathode potential might be expected to decrease
more quickly than the potential profiles shown in Figures 1c and 4c
with the application of a higher current density due to faster
electrolyte degradation resulting in larger overpotentials, but a
similar plateau region would likely be expected upon reaching the Li-
plating potential. It is more difficult to comment on the extent to
which an OCP period affects the “reversibility” of this process and
limits SEI formation at higher current densities. Given the reported
improvements in performance under current cycling conditions,
although the layers observed at the electrode-electrolyte interface
may be thicker at higher current densities, OCP still likely at least
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partially limits SEI formation by allowing the layer to become more
porous and partially dissolve/fill with electrolyte. The exact thickness
of the SEl and the Li-concentrated layer underneath would be harder
to predict without experimental data. The composition of these
layers also may be affected by the applied current density. At higher
current densities, it could be possible to observe the formation of
other Li-containing species such as Li,CO; due to an increase in
degradation of the carbonaceous solvent as Li metal is deposited at
the electrode surface more quickly.*”->* Thus, a combination of in situ
experimental methods would still be required in order to understand
the behavior of the system at current densities other than those
studied in this work.

Modeling the time-resolved reflectivity measurements
the the 6 total
chronopotentiometry cycles applied to the cathode (Figure $25) was
not possible due to the thickness and roughness of the layers
the Thus,
measurements should also be carried out at a low current density to
investigate these interfacial processes more precisely and inform

executed throughout remainder  of

accumulating at electrode-electrolyte interface.

high-current results. Adjustments in cell design to maximize N,
transport to the cathode surface would additionally allow for future
measurements to be more readily correlated with NH; production.
Although the interfacial investigations presented in this work do not
allow for precise morphology imaging, such adjustments aimed
toward improved system control will enable the design of additional
studies of SEI morphology and nanostructure, which should be
performed using a combination of complementary characterization
techniques.

Conclusions

This work presents a combined time-resolved in situ
neutron reflectometry study with insights from in situ synchrotron
XRD in order to gain insight into the dynamics of the electrode-
electrolyte interface and SEl layer under Li-mediated NRR conditions.
During two applied-current cycles, a bilayer system forms at the
electrode-electrolyte interface in which the layer closest to the
electrode is concentrated in Li species, while the larger, more diffuse,
porous layer above it is an SEl-like layer likely consisting more of
carbonaceous electrolyte degradation products. This Li-containing
layer likely contains mixed Li-containing phases, including LiOH, Li,0,
and a small quantity of LisN that reacts quickly with EtOH upon
forming. The return to open-circuit conditions during cycling does
not rid the electrode surface of formed material layers; rather, Li-
containing species dissolve out of Layer 1, and the porous SEl layer is
filled with electrolyte or dissolves. During a second cycle of applied
current density, this porous layer appears to either become enriched
with Li-containing species or start to fill with solvent degradation
species. In the context of improvements in FEyy3 reported for cycling
NRR systems, we find that returning the cathode to OCP in between
applied current density periods allows for clear recovery of Li species
from the electrode-electrolyte interface. It remains unclear whether
this return to OCP allows the SEI pores to be filled with electrolyte,
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possibly facilitating deposition of Li-containing species throughout
the porous network upon subsequent chronopotentiometry, or
simply results in complete dissolution of this SEI from the interface,
thereby preventing buildup of a passivating, carbonaceous SEI. These
measurements reveal the highly dynamic nature of the electrode-
electrolyte interface in this system and should be coupled with
additional in situ methods in order to continue to unravel the
complexities associated with the formation of the SEl layer.
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