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Abstract: Dissolution Dynamic Nuclear Polarization (dADNP) is a powerful hyperpolarization technique enabling sensitivity
gains beyond four orders of magnitude in solution nuclear magnetic resonance (NMR). Over the last decades, researchers’
efforts have led to an extension of dDNP applications in fields such as imaging, metabolomics, and drug discovery.

Lithium-ion batteries are one of the most widespread types of rechargeable batteries, which calls for a deeper understanding
of the various physicochemical mechanisms involved in making them more efficient, safe, and sustainable. One of the key
challenges lies in better understanding and limiting the degradation of the battery electrolyte, which can significantly impact
the battery’s performance. While NMR has been used in attempts to understand these mechanisms, notably by investigating
the degradation products, the intrinsic lack of sensitivity of this technique, combined with the limited accessible volume of
such compounds, makes its application often challenging.

In this work, we combine several state-of-the-art dDNP methodologies to acquire with high sensitivity solution $3C NMR
spectra of battery electrolytes. We show that we can successfully detect hyperpolarized *3C signals on formulated battery
electrolyte solutions on a 600 MHz spectrometer with sensitivity gains of up to 3 orders of magnitude. This work paves the
way for studying lithium-ion battery electrolyte degradation under real usage conditions (cycling, thermal aging, air
exposure...) with a 3C detection limit below the micromolar range. This methodology has the potential to provide new insights

into degradation mechanisms and the role and effectiveness of additives to mitigate electrolyte degradation.
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Introduction

Dissolution Dynamic Nuclear Polarization (dDNP)! is a
hyperpolarization technique used in magnetic resonance
spectroscopy, enabling tremendous sensitivity
enhancements, of more than four orders of magnitude. It
involves doping a liquid sample with radical species,
freezing the mixture in a DNP polarizer at very low
temperatures (typ. 1.1-1.5 K), and subjecting electron
spins’ transitions to microwave irradiation, which
ultimately leads to the hyperpolarization of the nuclear
spins through various DNP mechanisms?. The frozen,
hyperpolarized sample is then rapidly dissolved with hot
pressurized solvent and transferred as a liquid to another
nuclear magnetic resonance (NMR) spectrometer, where
the hyperpolarized signal is recorded, allowing the
acquisition of spectra within minutes that would have
otherwise taken years to acquire at thermal equilibrium
conditions. Since its discovery in 2003, dDNP has helped
push the boundaries of magnetic resonance in several
domains and has found many applications in magnetic
resonance imaging®-®, particularly in cancer detection®8,
as well as in metabolomic studies®, in biochemistry
including protein studies™, and drug discovery'> 4. dDNP
has now become an appealing alternative for research and
innovation projects requiring the detection and
characterization of low-concentrated species in limited
sample volumes. One research subject that falls into that
category is battery electrolytes, more specifically in
lithium-ion battery technology?®®.

Lithium-ion batteries (LiBS) have become highly popular,
especially in small portable electronic devices, due to their
high energy density, long lifespan, lightweight, and low
self-discharge. However, with the increasing demand in
areas such as electric vehicles and electric grid storage,
existing solutions must be adapted and upgraded to meet
new requirements in terms of capacity, fast charge,
material sourcing, and overall lifetime. As a result, many
studies and developments are carried out to make LiBS
more performant, safer, and environmentally friendly. To
achieve this, research teams have invested significant
effort into better understanding the chemistry behind these
batteries'6. This includes studying the chemical reactions
occurring during charge and discharge cycles'’, as well as
identifying potential degradation products that could
compromise the battery's lifetime, safety, and integrity®8.
Analyzing the electrolyte solution responsible for the ion
transport in the battery is one way to gain insights into
these mechanisms!®. Several studies have already shown
the central role of electrolytes in a battery as they are
involved in degradation pathways?®® or Solid Electrolyte
Interphase (SEI) formation?!, which eventually impacts
the battery’s overall performances??. Electrolyte solutions
are therefore often reformulated and optimized by
incorporating additives intended to prevent degradation
and improve the battery’s safety and performance?3?4,
Understanding the exact role of these additives, present in
small quantities in the formulation, is another key stake in
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battery development. One of the most effective analytical
tools to address these questions is NMR?® as it provides
direct atomic-scale elucidation of molecular structures
with high specificity as well as quantitative information.
NMR has been extensively used to study LiBS
electrolytes?, providing means to better understand
degradation pathways and interactions between the solvent
and lithium salt 2”28, to probe additives’ roles and impact
on battery performances®, and to yield insight into SEI
formation?®. Yet, many mechanisms in batteries remain far
from being fully understood. Although NMR has proven
itself a handy tool, its intrinsic lack of sensitivity strongly
limits the study of low-concentrated species. Besides,
NMR analysis is often limited by the low quantity of
available sample volume. This is particularly true for
battery electrolytes after cycling, for which only a small
and variable amount of electrolyte, in the order of
hundreds of microliters, is usually retrieved from a single
pouch cell. The use of DNP is, therefore, an attractive
prospect to get insights into the batteries' functioning
through the study of their electrolyte solutions, as it could
make the detection of low amounts of degradation
products and additives possible on small sample volumes.
However, applying the existing dDNP methodologies to
study such samples is far from straightforward.

dDNP was initially developed to enhance sensitivity for
metabolic imaging®. Therefore, most of its developments
were tailored to study single molecules or simple mixtures
soluble in water. With that in mind, classical dDNP sample
formulations®! usually involve a molecule solubilized in a
mixture of deuterated solvents, including water, in
proportions  calculated to optimize the proton
concentration of the overall sample for efficient DNP
transfers. Stable radicals like trityl or nitroxides such as
TEMPO are added to this mixture, together with a glassing
agent such as glycerol. The latter promotes the formation
of a glass upon freezing, leading to a homogeneous
distribution of radicals. All these sample preparation
prerequisites imply that the analyte must be relatively
inert, insensitive to moisture or oxygen, and in a chemical
environment that does not jeopardize the radical stability.
Li-ion battery electrolytes do not fulfill the above
requirements due to their high reactivity and sensitivity to
air and moisture. When exposed to air, one degradation
product formed is hydrofluoric acid (HF), which is known
to be highly reactive. Furthermore, the conventional dDNP
workflow usually involves exposing the sample to air
during preparation, insertion into the polarizer
spectrometer, and transfer to the NMR spectrometer3?,
Thus, using dDNP to study battery electrolytes requires
new methodologies and instrumentation, and an adapted

sample formulation to analyze the electrolytes without
compromising their content.

Intense research and developments on pulse sequences,
hardware, and sample formulation have transformed
dDNP into a more versatile, universal technique. In
particular, the introduction of multiple cross-polarization
(CP) steps®-> together with microwave gating® has
enabled the hyperpolarization of low-gamma nuclear spins
at natural abundance in complex mixtures in a faster, more
efficient manner®°. Implementing fast transfer and
injection systems, including helium back pressure®”:3¢ and
magnetic tunnels®, enabled the transfer and injection of
the sample with limited exposure to air, and the
observation of molecules with increasingly shorter
longitudinal relaxation time, expanding the pool of
molecules that can be studied through dDNP.

Samples and their formulation have also become more
diverse: dDNP now allows for the analysis of complex
mixtures for metabolomics®19, and some more exotic
sample formulations involving hydrophobic solvents have
also been reported“®4!, notably to monitor polymerization
intermediates. These recent improvements, if properly
used together, open the way to dDNP analysis of reactive
and air- or water-sensitive samples, such as battery
electrolytes.

In this paper, we propose to combine these state-of-the-art
dDNP  methodologies® with innovative sample
preparation protocols to make dDNP analysis of battery
electrolytes possible. The sample formulation was
adjusted by eliminating the use of the deuterated solvents
and glassing agents, and directly adding TEMPO radicals
into the electrolyte solutions. DNP was performed using
13C multiple cross-polarization (multi-CP) steps along
with microwave gating. The dissolution conditions were
also revisited by replacing water as a dissolution solvent
with isopropanol which showed perfect compatibility with
our fast transfer system. The hyperpolarized *C NMR
spectrum of a commercial electrolyte solution could then
be acquired. We demonstrate that this method enables the
detection of natural abundance hyperpolarized *3C signals
on formulated battery electrolyte solutions. Signal
enhancements ranging from 350 to 3300 on different
carbon types could be obtained, leading to sub-millimolar
detection limits on a single scan acquisition. Moreover, we
also show that the method proves itself useful for probing
degradation products in degraded electrolyte formulas. We
believe this methodology will offer a fresh perspective on
dDNP applications, particularly in the field of battery
research, and will pave the way for further investigations
of these types of samples.
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Results and discussion
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Figure 1: lllustrative scheme of the methodology and setup used to perform dDNP on battery electrolytes. a. Commercial electrolyte
solutions b. are mixed with polarizing agents. c. The mixture is then inserted in a dDNP polarizer operating at 7.05 T and 1.6 K. The sample
is irradiated with microwaves for DNP and radio-frequency pulses for CP. The sample is then dissolved and melted with an adequate organic
solvent, d. and is injected directly in the liquid state to a 14 T NMR spectrometer to perform the acquisition of the hyperpolarized signal at

room temperature.

Figure 1 illustrates the workflow and setup used for this
study. A commercial “LP30” electrolyte solution
composed of 1M lithium hexafluorophosphate (LiPFs) salt
solubilized in a mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) (50/50, v/v), was used to test
the feasibility of the experiment, and ultimately to
replicate the method on cycled/degraded electrolytes,
directly withdrawn from a battery cell. Sample preparation
was a key step as it had to balance DNP efficiency and
sample integrity. It was found that the simplest strategy to
prepare the solution for DNP was to add the
hyperpolarizing agents directly to the electrolyte sample.
The carbonate solvents act as self-glassing agents,
preventing radicals from forming clusters in the sample
once frozen. No deuterated solvents were used. The
commonly used TEMPOL radical, mostly insoluble in
such media, was simply replaced by its hydroxyl group-
free version: TEMPO, which displayed better solubility in
the electrolyte solution.

For this study, sample preparation was performed under a
fume hood in less than 10 minutes. The potential
electrolyte degradation caused by the brief air exposure
was negligible, as confirmed later by control experiments
(see Figure S1 in SI). However, if needed, this step could
also be performed under an inert atmosphere inside a
glovebox, to limit sample exposure to air.

This study focused on analyzing '°C nuclear spin
hyperpolarization. Observing carbonates-based
electrolyte solvents with dDNP was considered a
promising and relevant approach. The electrolyte solvent
plays an important role in the battery as it participates in
SEI formation, ensures efficient ion conductivity, and is
involved in degradation pathways!®#243, In addition,
carbonate species carry a carbonyl group, which usually
displays a long longitudinal relaxation time T1in solution,
ensuring a slow polarization decay, making them suitable
candidates for dDNP.

The remainder of the dDNP experiment followed a
conventional experimental workflow used in the group®2.
Sample polarization is performed through electron-to-
proton polarization transfer induced by irradiating the
sample with microwaves. Proton polarization builds up
and is transferred to 13C through multi-CP experiments®3,
The usual D20 dissolution solvent was replaced with
deuterated isopropanol, which can be readily heated up to
approximately 160°C while pressurizing it below the 15
bars threshold of our heating box system and displays
satisfactory viscosity properties for the transfer. It also
displays good affinity with the electrolyte while remaining
safe for the fast injection system. The hyperpolarized 3C
solution NMR spectrum could then be acquired at 14 T
with a single /2 pulse to maximize the signal intensity.
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Figure 2: a. *H DNP polarization buildup and b. *C multi-CP induced polarization buildup of 200 uL commercial electrolyte (EC/DMC,
50/50, v/v, +1M LiPFe) doped with 50 mM TEMPO measured at 7.05 T and 1.8 K with microwave irradiation frequency fuw = 197.7
GHz. Blue dots on the proton build-up correspond to the polarization values calculated from the integrals of each experimental data point
over time, recorded every 5 seconds with 64 scans and small flip angles of 0.1°. The data points were then fitted with a stretched mono-
exponential function to extract the build-up time. Blue dots on the carbon multi-CP correspond to the polarization values calculated from
the integrals of each experimental data point over time, recorded every 180 seconds with 1scan and small flip angles of 5°. The solid

black line only serves as a visual guide.

Figure 2 shows the H polarization build-up and *3C multi-
CP-assisted 3C polarization build-up of the commercial
electrolyte sample at 1.8 K. Under these conditions, the
maximum *H polarization attained was estimated to be P11
= 25% after 40 minutes of experiment. An hour-long
multi-CP-assisted 'C polarization build-up experiment
was then carried out. The final '3C polarization was
estimated to be around Pisc = 5~10%. The low signal-to-
noise ratio, caused by the 1.1% natural abundance of 13C,
combined with the small 5° pulses used to preserve
polarization during signal monitoring, makes it difficult to
quantify the solid-state 13C signal with high accuracy.

The 3C polarization levels are lower than what is usually
achieved for more conventional dDNP sample
formulations, typically reaching up to Pisc = 65% (see
Table S1 in Sl). Indeed, sample preparation was not
tailored here to ensure optimum DNP, for example, by
diluting with a deuterated solvent. Sample formulation
was kept identical to the native electrolyte solution, and it
is demonstrated that DNP can be performed after a simple
addition of the radicals. These results demonstrate that
DNP can work with minimal and fast sample preparation
which has the power to significantly increase detection
sensitivity in complex samples such as battery
electrolytes.

The build-up time for *H polarization was found to be
longer compared to a more optimized sample formulation.

A onp 0f 8 min was observed for this formulation instead
of 4 min for a fully optimized electrolyte sample
formulation involving significant dilution in deuterated
toluene (see Figure S2 in Sl). For sensitivity and sample
preservation during the DNP process, a 2-times longer
build-up time is preferred to a >10-fold sample dilution.

These lower polarization values and longer build-up times
could be explained by a combination of i) a high proton
concentration (three times more compared to optimal
proton concentrations usually used under these dDNP
conditions), and ii) a lower radical concentration likely
due to a partial quenching by the electrolyte during the
sample transfer and insertion in the polarizer, right before
freezing.

Figure 3 shows the 13C proton-decoupled spectrum of the
commercial  electrolyte  solution  after  being
hyperpolarized and dissolved, and the spectrum of the
same solution recorded after relaxation to thermal
equilibrium. On the spectrum of hyperpolarized
electrolyte, all carbonate peaks could be detected and
identified with signal-to-noise ratios (SNR) exceeding
1000 and a resolution better than 10 ppb. Such resolution
enabled to readily resolve both carbonate carbony! signals
despite very close chemical shifts (156.5 ppm for ethylene
carbonate, and 156.4 ppm for dimethyl carbonate).
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Figure 3 : Comparison of proton decoupled *C hyperpolarized spectrum of a 100 uL. commercial electrolyte (EC and DMC 50/50, viv
+ 1M LiPFg) mixed with 50 mM TEMPO, hyperpolarized through dDNP at 1.8 K in a 7.05 T Bruker Polarizer through multi-CP
experiment, rapidly dissolved with 7 mL of an isopropanol mixture (isopropanol/isopropanol-ds, 3/1, v/v) and detected in a 14 T
spectrometer equipped with a cryoprobe with a 90° detection pulse (blue). The thermal equilibrium proton decoupled **C spectrum of
the same sample, in the same spectrometer, was recorded with 8 scans, after completing dissolution and relaxation of the nuclear spins
(black). The 155 to 158 ppm region of the spectra where the signals of EC (yellow) and DMC (purple) carbonyl groups are observed
was zoomed in, as well as the 50 to 70 ppm region for EC CH, (brown) and DMC CHjs groups (pink). Signals marked with a star

correspond to isopropanol signals.

Table 2 summarizes the dDNP experiment's performances
for the two carbonate species in terms of enhancements,
signal-to-noise ratios (SNR), and limits of detection
(LOD). All carbons were assigned, and the comparison
between signals from the hyperpolarized state and thermal
equilibrium allowed us to determine the overall sensitivity
gain.

Table 2: Summary table of the dDNP experiments results on
commercial electrolyte solution (Figure 3) with identified
carbon species for each molecule and their chemical shifts 3,
calculated enhancements, signal-to-noise ratios (SNR) and
estimated final limit of detection (LOD) for a given SNR of 5.

Ethylene carbonate  Dimethyl Carbonate

(EC) (DMC)
Carbon type C=0 CH, C=0 CHj3
o (ppm) 156.5 65.2 156.4 54.35
Enhancement 3000 350 3300 450
SNR 4200 1140 4700 1200
Final 30 uM 100 uM 30 uM 100 uM
estimated LOD

The 3C enhancements span between 350 and 3300.
Longitudinal relaxation times of carbonyl groups were
measured to be around 30 seconds, while for CHz and CHs

groups, these values were respectively 5 seconds and 6
seconds (see Figure S3 and Table S2 in Sl). Such
disparities in enhancements are rather unusual in our
dDNP setting as our transfer time of 2 seconds (see
methods) rarely exceeds nuclear spin-lattice relaxation
times T1. However, it can be explained here by the fact that
we made the deliberate choice of adding a waiting time of
8 seconds before acquisition (see methods). Such waiting
time provided an extended sample stabilization after
injection and, therefore, a maximized NMR resolution.

The concentration after dissolution for each carbonate was
estimated to be ca. 20 mM. The initial concentrations for
EC and DMC were found to be 7.5 M and 5.4 M,
respectively, corresponding to dissolution factors of 375
and 270. These values are much higher than the theoretical
dissolution factor of 70 expected considering the 7 mL of
solvent flushed on the 100 pL sample inside the polarizer.
This is most likely due to an inhomogeneous
concentration profile of the dissolved solution. Here, the
selected part of the injected solution to the spectrometer
wasn’t optimized. This effect will be investigated in the
future, to further improve the final SNR.

Given the enhancements and SNR observed on the
hyperpolarized spectrum, the theoretical limits of
detection were estimated at around 30 uM for C=0
moieties and 100 uM for CH2 / CHs moieties, for an SNR
of 5. Consequently, all carbon groups could be detected
with a single 90° scan for a concentration of natural
abundance substrates after dissolution of 100 uM.
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The largest enhancement was calculated to be 3300 for the
C=0 group of DMC. However, if we want to compare this
enhancement to conventional NMR experiments, the
amount of analyte should be considered. Typically, 100
pL of the sample is used for dDNP and diluted during
dissolution (typically 50 to 300 times). For thermal
equilibrium experiments, the dilution factor is generally
10. Therefore, the practical ‘true’ enhancement compared
to conventional NMR is rather 100 to 600. Such
enhancements might appear rather modest, but one should
keep in mind that it would require between 1002 to 6002
times more scans to obtain a spectrum with the same SNR
at thermal equilibrium, which would translate to 21 days
to 2 years of uninterrupted acquisition considering an
experimental repetition delay set to 3 min.

To our knowledge, these findings represent the first
successful application of dDNP for the analysis of battery
electrolytes. A high-sensitivity, well-resolved *3C
spectrum of an electrolyte solution at natural isotopic
abundance was acquired in a single scan after dDNP using
a custom-designed effective formulation protocol.
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To demonstrate the practicability of this approach to more
challenging samples, additional experiments were
performed on electrolytes that were purposefully
degraded. Two samples were investigated consisting of
1M of LiPFs salt in ethyl-methyl carbonate (EMC), with
3% wt vinylene carbonate (VC). The two electrolytes only
differed by the presence (electrolyte A) or absence
(electrolyte B) of an additive, tris(trimethylsilyl)
phosphite (TMSPIi), added in 5% wt. Both electrolytes
were left to age on the shelf for a year at room temperature
in aluminum containers. The goal here was to detect low-
intensity signals corresponding to any degradation
product, and assess any potential change due to the
presence of the additive. For the dDNP experiments, the
two samples were prepared following the protocol
developed for the commercial electrolyte: 50 mM of
TEMPO were directly added to the electrolyte solutions,
and the latter were hyperpolarized at 7.05 T and 1.8 K.
From the polarizing method to sample dissolution and
spectrum acquisition in solution, the same workflow as
presented earlier was implemented.
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Figure 4: Hyperpolarized *C proton decoupled spectra of electrolyte A with additive (top, blue) and electrolyte B without additive
(bottom, brown), highlighting regions of the spectra where differences could be found. Spectra were acquired right after dDNP with a
single 90° hard pulse. Additional identified degradation peaks are highlighted with a green circle for dimethyl carbonate carbonyl group,
a blue circle for diethyl carbonate carbonyl group, and a blue square for diethyl carbonate CH, groups. The presence of the degraded
additive in the form of fluorotrimethylsilane (TMSF) was also detected on the electrolyte A spectrum as shown in the zoomed circular
insert. The transesterification reaction responsible for the appearance of degradation peaks in electrolyte B is shown in Scheme 1. Signals

marked with a star correspond to isopropanol signals.

Figure 4 shows the two hyperpolarized spectra obtained
after dDNP on electrolyte A (blue) and electrolyte B
(brown). Three additional peaks were identified in the
electrolyte B spectrum at 156.4 ppm, 155.2 ppm, and 63.2
ppm. These signals could be attributed to
transesterification products of the ethyl methyl carbonate,
as shown in Scheme 1, based on the known chemical shifts
for these two compounds and relevant literature**“%, This
transesterification process occurs when the electrolyte

0 0

o}
H -
3C\o)l\o/\cm — HgC/\O)J\O/\CHS + e J o

2 Ethylmethyl carbonate Diethyl carbonate Dimethyl carbonate

Scheme 1: Transesterification reaction of ethyl methyl
carbonate into diethyl carbonate and dimethyl carbonate

degrades and is more pronounced at late degradation
stages.

An additional doublet could also be identified in the
spectrum of electrolyte A at a chemical shift of -0.66 ppm.
This signal, which is absent on the electrolyte B spectrum,
corresponds to TMSPi, and, more specifically, to its
degradation compound, fluorotrimethylsilane
(TMSF)*647, Its signal was also found in the *H spectrum
of the solution at 0.22 ppm (see Sl Figure S4). TMSPi is
known to act as both a water and HF scavenger and can
also further react with degradation products produced by
the reaction of LiPFs with water and HF*S.

The difference in degradation state between the two
electrolytes could be attributed to the presence of the
additive. The additive reacted with HF, preventing it from
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being incorporated into the degradation pathway and thus
slowing down the reaction. No other products could be
identified in the 13C spectra.

The polarization levels, and therefore enhancements, were
much more modest than those achieved during the
previous experiments with commercial electrolytes (see Sl
section 3, Table S3 and S4). The *H polarization build-up
of the two electrolytes, compared to the commercial one
(see Sl figure S5), indicates that the DNP was less efficient
than for fresh electrolyte solutions. This suggests that most
of the radicals may not have survived in the highly
degraded electrolyte. An EPR analysis of the solution was
carried out (see Sl section 4 and figure S6) and showed
that the radicals were mostly quenched in degraded
electrolytes. This can be explained by the formation of
hydrofluoric acid (HF) in the solution resulting from
LiPFs degradation“®4°. The presence of HF can lead to the
irreversible reduction of part, if not most, of the TEMPO
radicals®.

Although the enhancements are less than before, dDNP
remains advantageous in terms of sensitivity compared to
a thermal equilibrium experiment. The thermal
equilibrium spectrum of electrolyte B was recorded after
the dissolution experiments during 6 hours with 128 scans.
The SNR/mM of each peak was calculated and compared
to the value obtained with dDNP (see Sl section 3, Table
S5). These calculations show that given equal
concentration, the SNR is, in the best case, 8 times better
with dDNP. The same spectra under thermal equilibrium
conditions would, therefore, require 16 days of
uninterrupted acquisition.

These results show that even with suboptimal DNP
conditions, dDNP remains advantageous, as it offers a
non-negligible sensitivity boost translating into significant
experimental timesaving. These results could potentially
be improved by having more efficient DNP in the solid
state, which would require using polarizing agents that can
survive in degraded electrolytes. Recently, the use of
epoxy-based  polarizing agent (HYPOP), was
introduced®?. In these materials, the radicals are confined
within the polymer’s network. Using such polymers could
be a solution to limit radical quenching in contact with the
electrolyte and, therefore, greatly improve the polarization
of the sample.

Access to the electrolyte’s carbon content is particularly
interesting as it is complementary to the information
obtained with the analysis of other nuclei. It could, for
instance, help to better characterize carbonate-derived
species involved in SEI formation®253, Carbon detection
benefits from a wide spectral window and easy-to-
implement sequences, which can allow for unambiguous
identification and resolution of each carbon peaks, a key
in the characterization of a molecule’s structure. H
detection can also be useful to solve the analyte’s puzzle.
It is, in principle, more sensitive, but the spectrum is
usually more difficult to assign and analyze due to the
signals’ multiplicity and the presence of large solvent
signals. Detecting 'H and 13C hyperpolarized spectra in
one dDNP experiment could be investigated in the future,
as it was demonstrated recently for metabolomic studies®.
Using the same approach for battery electrolytes could
complement the results provided by *3C spectra, and
potentially give access to other degradation species that do

not contain carbon atoms. Proton investigation with dDNP
would also allow for sensitivity boosts that could push the
IH detection limits to smaller traces, and further
participate in deciphering what happens during the
electrolyte’s degradation.

Conclusion and outlooks

This work shows that dDNP can be applied to study
battery electrolyte solutions using a simple sample
formulation, only requiring the addition of polarizing
agents to the electrolyte, without further modification of
the sample. With this method, high sensitivity and well
resolved 3C spectra at natural abundance could be
acquired with enhancements of two to three orders of
magnitude, enabling the detection of all carbon species
within each molecule of interest. This methodology allows
for the detection of electrolyte solutions down to 30 uM,
on natural abundance 3C.

It is also demonstrated that the methodology can be used
to investigate degraded electrolyte samples. Differences in
the degradation stages of two electrolyte formulations,
only differing by the presence or absence of a small
amount of additive, could be highlighted in a single
experiment instead of 16 days under conventional NMR
conditions. The additive could also be detected at natural
abundance, though it represented only 5% of the weight of
the sample. These results show that the dDNP
methodology can be adapted to study complex,
hydrophobic samples such as battery electrolytes.
However, performance on degraded electrolytes remains
suboptimal due to the reduction of the radicals by the
acidic degradation products. A further improvement for
future studies would be to find a way to protect the radicals
from reacting with the acidic environment of the
electrolyte. An appealing alternative would be using
hyperpolarizing matrices, such as HYPOP epoxy-resin-
based materials in which TEMPO radicals are confined
within the network of the polymer 55,

We believe this work will pave the way for future uses of
dDNP in the field of battery investigation in a context
where their development and optimization are particularly
necessary and critical.

Material and Methods

Sample preparation

Commercial electrolyte sample

A solution of battery electrolyte made of 1M of LiPFs in
ethylene carbonate (EC) and dimethyl carbonate (DMC)
was purchased from Sigma Aldrich. 7.7 mg of TEMPO
radicals purchased from Sigma Aldrich were then added
to 1 mL of the electrolyte solution, the radical
concentration was therefore 49.28 mM. 100 pL of the
solution were then put in a PEEK custom sample holder.
The sample holder was introduced shortly after in the
polarizer at 3.8 K to instantly freeze the sample. The
sample was briefly exposed to air and humidity during its
preparation and insertion (less than 10 minutes). The
sample preparation was done under a fume hood to make
it as easy as possible. The brief sample exposure to air was
not found to have an observable impact (see Sl section 1)
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Degraded electrolyte samples

Both degraded electrolytes were directly prepared and sent
by SAFT. 500 pL of the electrolytes were withdrawn. For
electrolyte A, 4.4 mg of TEMPO were added, leading to a
radical concentration of 56.3 mM. For electrolyte B, 4.5
mg of TEMPO was added, leading to a radical
concentration of 57.6 mM. The preparation of commercial
battery electrolyte samples was done under a fume hood.
100 pL of the respective mixtures were added to a custom
PEEK sample holder to be introduced in the polarizer.

DNP experiments

DNP experiments were realized on a 7.05 T Bruker dDNP
Polarizer. The temperature of the cryostat in which the
sample sits was cooled down with a Pfeiffer UNO 30M oil
pump which allowed to reach temperatures down to 1.6 K.

A microwave source from Virginia Diodes Inc.,
Charlottesville, VA) operating in the range 196.8 -
198.8 GHz was used for microwave irradiations during
DNP. DNP was performed by irradiating the sample with
modulated microwave frequencies centered respectively
around 197.57 GHz at 3.8 K and 197.65 GHz at 1.8 K. The
output power used for these experiments was 100 mW at
the output of the amplifier module, corresponding to a
calculated 30 mW power reaching the sample’s cavity.
Modulation bandwidth was set in all cases at 128 MHz,
and modulation frequency to 500 Hz.

All dDNP experiments on electrolytes were carried out in
custom PEEK sample holders with 100 pL of sample. H
polarization build-up experiments and *C multi-CP
experiments were performed on this type of sample cup at
a temperature of approximately 1.8 K. H polarization
build-ups were monitored by recording the signal every 5
seconds with a 64 consecutive 0.1° pulses. Polarization
was transferred from 'H to %C using multi-CP
experiments, with a sequence developed previously in the
group that includes microwave gating. 3C multi-CP
experiments were realized at 1.8 K with the same
microwave frequency, modulation parameters, and power.
13C polarization build-up was followed by pulsing on the
carbon every 2 min with a 5° detection pulse. A CP contact
was made after waiting for an amount of time
corresponding to the proton polarization build-up time at
1.8 K. For commercial electrolytes, this time
corresponded to 8 min. 6 CP contacts were performed,
leading to an experimental time of ~1h. For the degraded
electrolytes, *3C polarization build-up was followed by
pulsing on the carbon every 3 min with a 5° detection
pulse. A CP contact was made every 15 min,
corresponding to the proton polarization build-up time at
1.8 K for these samples. 4 CP contacts were performed,
leading to an experimental time of ~1h.

Integrals were calculated using TopSpin 3.6.4 software.
The polarization build-up time, denoted tone Was
determined by plotting the Integral value as a function of
time, following a stretched mono-exponential equation
such as to account for the distribution of build-up times:

(__t)b
I =1yX(1—exp Tone’ )
lo corresponds to the initial intensity, tone corresponds to

the build-up time, and b is the stretch coefficient
characterizing the breadth of the build-up times

distribution. Proton enhancements were determined by
calculating the ratio between the integral of the DNP
signal on the plateau of the build-up curve and the integral
of a thermal equilibrium signal of the same sample. All
integral values were normalized by their gain, number of
scans, number of spins, temperature, pulse angle, and
concentration, according to a protocol described
elsewhere®, The final enhancement values were then
corrected to account for the signal losses during the dead
time of the spectrometer caused by radiation damping
(RD)% (see section 5 in the SI).

Final proton polarizations were calculated by multiplying
the corrected enhancement by the thermal equilibrium
polarization of the H at 7.05 T and 3.8 K.

Carbon enhancements were determined by calculating the
ratio between the integral of the last C signal of the
multi-CP experiment before dissolution, at 1.8 K, and the
integral of a 3C thermal equilibrium signal of a reference
3M Acetate in dDNP juice sample (glycerol-ds/D20/H20,
6/3/1, viviv + 50 mM TEMPO) at 3.8K. All integral values
were normalized by their gain, number of scans, number
of 13C spins, temperature, pulse angle, and concentration
in the same fashion as for proton calculations.

Final 3C polarizations were determined by multiplying
the enhancements with the thermal equilibrium 3C
polarization value at 7.05 T and 3.8 K

Dissolution
Dissolution experiments were carried as follows:

7 mL of dissolution solvent, a mix of isopropanol and
deuterated isopropanol (3/1, v/v) was put in a heating
chamber and pre-pressurized at 9 bars. The solvent was
heated to 12 bars, corresponding to a temperature of
160°C while the multi-CP assisted DNP experiment was
being performed. Once the polarization reached a plateau,
the experiment was stopped (both CP and microwave
irradiation), and the Polarizer cryostat was put under He
pressure (1200 mbar) and opened to insert a dissolution
stick. The dissolution stick was connected to the heating
chamber through quick connects, and coupled manually
with the sample cup. Dissolution was immediately
triggered by pushing a button, releasing the hot
pressurized solvent pushed with 9 bars inside the
capillaries of the dissolution stick, thus melting and
expelling the hyperpolarized sample to a fast injection
system®”. 600 pL of solution were selected by the fast
injection system and propelled to the NMR tube in the
acquisition spectrometer within 2 seconds. A magnetic
tunnel composed of hand-coiled solenoids installed over
the transfer capillaries ensured that the sample
experienced a magnetic field of at least 5 mT, all the way
to the NMR tube.

Liquid state NMR

Liquid state NMR experiments were realized at 14 T using
a5mm CP2.1 QCI 600S3 H-P/C/N-D-05 Z XT cryoprobe
with gradients. The liquid was directly injected into a
medium-thickness wall NMR tube attached to the
dissolution transfer line, waiting inside the spectrometer.
The 13C hyperpolarized spectrum acquisition was started
through a trigger at the end of the dissolution, transfer, and
injection process. A resting time of 8 seconds was added
before the beginning of the acquisition to let the solution
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stabilize. Six 90° detection pulses were applied every 30
seconds with proton decoupling. The data were stored as
a pseudo-2D experiment and the first 1D spectrum was
extracted from these data sets.

Thermal equilibrium spectra after dissolution were
acquired on the same dissolved sample, at 14 T, with the
same cryoprobe after making sure hyperpolarization had
completely decayed. The 13C signal was recorded with
proton decoupling in 8 scans using 90° hard pulses and a
repetition time of 3 min. The total acquisition time was 24
min. 'H thermal equilibrium spectrum was then acquired
in one scan using a 90° hard pulse.

Enhancements were determined by calculating the ratio
between the integral of the dDNP signal and the integral
of a thermal equilibrium signal of known concentration.
All integral values were normalized by their gain, number
of scans, number of spins, and concentration. All
experiments consisted of a /2 hard pulse, so there was no
need to normalize the pulse angle in this case.

Final polarizations were calculated by multiplying the
enhancement with the thermal equilibrium polarization of
the 3C nucleus at 14 T and 298 K.

Final concentrations were determined with an external
method: the signal integral of the 'H spectrum recorded
after dissolution was directly compared with the H signal
integral of the same compound in known concentration,
recorded with the same experimental setup and
parameters.
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