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Bringing NMR to the Battery Lab

Practical Electrolyte Analysis with Benchtop NMR Systems

Lithium-ion batteries (LIBs) have become indispensable in modern portable electronics and are now
central to the rapid expansion of electric mobility and advanced energy storage systems. Their
performance, safety, and longevity depend strongly on the chemical composition and stability of the liquid
electrolyte, which typically consists of a lithium salt such as LiPF¢ dissolved in mixtures of organic
carbonates. Serving as the charge-transport medium between electrodes, the electrolyte governs key
battery characteristics including ion mobility, rate capability, and overall energy release [1]. Understanding
and monitoring electrolyte properties is therefore essential in fields ranging from fundamental materials
research to industrial production and quality control.

Nuclear magnetic resonance (NMR) spectroscopy has emerged as one of the most informative analytical
techniques for studying LIB electrolytes. It provides direct molecular-level insights into ion coordination,
speciation, solvent interactions, degradation pathways, and transport phenomena. Numerous studies have
demonstrated the value of NMR for quantifying electrolyte composition, tracking aging processes, and
probing lithium-ion mobility under different conditions.

Modern Spinsolve benchtop NMR spectrometers make advanced NMR capabilities accessible in the
laboratory environment with an unmatched simplicity & cost. It offers high-quality relevant data in a
compact, cryogen-free platform. The system is engineered for simplicity and robustness, enabling reliable
measurements directly at the point of use. Neat electrolyte samples can be analyzed without dilution or
deuterated solvents, thanks to the integrated hardware lock. Based on a go-without-saying robustness,
Spinsolve also provides fully quantitative results with the use of a unique (per nucleus) internal or external



standard saving cumbersome calibration time & standard cost. Spinsolve supports automatic nucleus
switching among key nuclei: 'H, "Li, "'B, *C, "°F, #Na, and *'P, eliminating manual tuning and matching
steps.

With a single unit, Spinsolve combines identification, quantitative & mobility results on solvents, additives,
conducting salts and their degradation products. Spinsolve consolidates workflows that traditionally require
multiple analytical techniques. Its speed, operational ease, and minimal maintenance demands make it an
attractive platform for routine battery research, production control, and diagnostic applications.

In this Application Note, we highlight how Spinsolve can be used to rapidly and effectively characterize
lithium-ion battery electrolytes, demonstrating its value as a versatile tool for both research laboratories
and industrial environments.

e Solvent composition analysis

LIB electrolytes usually consist of ethylene carbonate (EC) and other carbonate solvents. EC with high
dielectric constant facilitates disassociation of (most often LiPF¢) salts to give free ions. It is also involved
in the formation of the solid electrolyte interface (SEIl) to protect the anode. But the viscous nature of EC
requires blending with other carbonate solvents, commonly diethylene carbonate (DEC), dimethyl

45
— Substance | wt% gravi. | wt% NMR
c.\‘:;40 - —e—EC
:' —e—DMC DMC 33.05 33.07%0.02 *
c
835 r RS DEC 42.91 42.95+0.02
[090999000000000000000000000000000000000000000000000000000000
b 5
830 L EC 24.04 23.99%0.02
] [
g [
g£25 L * SD value of 60 consecutive measurement 350
|ceessussesneassecaeseninesaseRoRIRESHSRIOORRRTRITRREERR0SD
20 L o0y I
0 20 40 60 300
No Exp
250
0
DMC .
*\o 0/ - 200
DEC |
/\0 0/\
* * [
zr )CL - 100
0 0
50
* *
J o

T
5. 5.0 45 40 35 30 25 20 1.5 1.0 0.5 0.0 -0.5
1H (ppm)

Figure 1. Quantification of EC, DMC, and DEC in a ternary electrolyte mixture by 'H NMR. The comparison against gravimetric
quantification shows excellent agreement (table top right). The top left plot shows an overlay of 60 spectra measured to assess

the repeatability of the NMR analysis. The relative standard deviation of the 60 measurements is less than 0.1% for all three
components.



carbonate (DMC), ethylmethyl carbonate (EMC), or propylene carbonate (PC) to increase the ion mobility
and enhance temperature performance. The composition of solvents needs to be carefully tailored for a
good balance and accurately controlled to ensure optimum performance. Figure 1 shows a single-scan "H
spectrum of a mixture of DMC, DEC and EC. The signals of all three solvents can be baseline-resolved.
The characteristic chemical shifts and splitting pattern allows one to analyze solvent composition of any
unknown electrolytes. Based on the integrals, the ratio of each solvent can be easily calculated with high
precision (RSD<0.1 %) and is in excellent agreement with gravimetric results. The spectrum was recorded
in 7 seconds without any sample preparation prior to NMR measurement, offering a convenient way for
solvent composition analysis compared to high performance liquid chromatography (HPLC) or gas
chromatography (GC).

¢ Fast detection and quantification of additives

The high sensitivity of '"H NMR also allows detecting and quantifying lower concentration of additives, such
as vinylene carbonate (VC) as a common additive in electrolytes to prolong battery lifetime. To highlight
the linearity and repeatability of the Spinsolve system, a series of DMC/DEC/EC electrolytes with 0-3 %
of VC were measured. VC contributes to a characteristic singlet at 7.2 ppm. The Spinsolve spectrometer
has a fixed response factor for individual nuclei, the signal integral is independent of parameter settings
and is directly proportional to molar concentration—not only for components within the same mixture, but
also for samples measured in separate tubes. Figure 2 shows a series of electrolytes spiked with various
amounts of VC. The integral of the VC signal shows an excellent linear correlation with the VC content.
Because of the high sensitivity, a one-minute '"H NMR measurement delivered quantification results with
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Figure 2. quantification of VC spiked in electrolytes by 'H NMR.



high repeatability for an electrolyte containing 1 % VC (1.000 £ 0.0025 %, based on 10 consecutive
measurements). A recent study [2] reported quantification of 1-5 % VC in electrolytes by Spinsolve NMR
spectrometer to investigate the amount of VC involved in SEI formation. Other widely used additives, like
ethylene sulfate (DTD), 1,3,6-hexanetricarbonitrile (HTN), and fluoroethylene carbonate (FEC) can
likewise be identified and quantified by using "H NMR spectroscopy, as shown in 'H spectra of some other
complex electrolytes in Figure 3.
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Figure 3. 'H spectra of artificial electrolyte (in red) containing DTD and HTN in EMC and electrolyte (in blue) containing VC and
FEC in EC and EMC.

e Quantification of conducting salts

Quantitative analysis using techniques such as HPLC, GC, or high-field NMR typically requires frequent
calibration with reference standards. On a Spinsolve spectrometer, the response factor for each nucleus
is determined by the factory hardware settings and remains highly stable over time due to the exceptional
stability of the magnet and electronics. As a result, repeated calibration is generally unnecessary. In
addition, the response factor is minimally affected by sample properties, as evidenced by the excellent
linearity of Li* over a wide dynamic range shown in Figure 4.

As the initial step, a single-point calibration using an external standard is sufficient to determine the
response factor, which can be used to calculate the concentration of unknown samples based on the
integral. In this example, the Li* response factor was first established with a solution of lithium chloride
(0.5 M in water). The Li* concentration in the same electrolytes with and without aging treatment were
easily derived from the integrals. The lower Li* concentration in aged electrolyte can be attributed to lithium
salt precipitation.
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Figure 4. Regression curve of LiCl at different concentrations and Li* quantification of electrolytes using a single-point calibration.

This quantification approach can be used not only to quantify the Li* cation concentration but also the
anion concentration. This is particularly important for multi-salt electrolytes designed to enhance the
electrochemical and thermal stability of advanced batteries [3]. Because the anions in these systems
typically contain fluorine, '®F NMR spectroscopy is especially powerful due to its high sensitivity and broad
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Figure 5. '°F spectrum of a multi-salt electrolyte showing signals from conducting salts (marked regions) and their related

hydrolysis products (minor signals outside of marked regions).



This wide dispersion allows "*F NMR to resolve multiple fluorine-containing species within the same
spectrum, making it well suited for characterizing complex multi-salt electrolyte formulations. Note that the
signals are about 200 ppm apart, uniform excitation of all signals on high-field NMR can be difficult, even
if the transmitter frequency is carefully chosen at the center. The Spinsolve Multi X switching technology
combined with the efficient probe design enables a uniform excitation profile over a large chemical shift
range enabling accurate quantification of signals that are even more than 200 ppm apart from each other
without the need of correction or additional measurements. Figure 5 shows the "°F spectrum of an artificial
electrolyte where all three lithium-conducting salts are clearly resolved in a distinct chemical-shift region,
along with their corresponding hydrolysis products. As only a single response factor is required for
quantification, the integral values of the different anions can be directly converted into molar concentrations
that can be further converted in mass concentration once the structures are identified.

e Hydrofluoric acid (HF) quantification

Quantifying HF in electrolytes is essential because a small amount of HF can form through oxidation
processes and severely affect the chemical stability, safety, and performance of electrochemical systems.
HF is highly reactive and corrosive, and it can degrade electrode materials, damage protective surface
layers, and trigger unwanted side reactions. This leads to accelerated aging, reduced efficiency, and
potential safety risks. By monitoring HF levels as part of routine quality control, manufacturers ensure

material integrity, consistent product performance, and long-term reliability.
Single HF molecules o @ Fresh Zoom X?’OO )
HF content: 42 ppm Meas. Time: 8 min

v — AR
] — |
I |

20 -60 -100 -140 -180 -2:

aged w
HF content: 215ppm ||
|I‘ ‘I|
° G;g\' e [P YU . WO U "JII II‘\.«_.vv\.'r-‘_.M—m—w-r-v-mf—n-v~/\o—h--“—*-
HF cluster o ®
®F ~ 160 -165 -170 -175 -180 -185 -190 -195 -200 -205
O R A e

f1 (ppm)

Figure 6. HF quantification in fresh and aged electrolytes by '°F measurement. The signal of HF appears as a doublet in a fresh
electrolyte because of 'H-'°F coupling but collapses to a broad singlet due to exchange at higher water content.

Figure 6 shows '°F spectra of a commercial electrolyte, a doublet at -74.3 ppm from PFs anion dominates
the spectrum. After more scans, however, the signal of HF gets also resolved at 190.1 ppm. In a fresh
electrolyte, the HF signal appears as a doublet because HF remains intact at very low water content, and
the coupling to the bonded proton causes splitting of the fluorine signal. In the presence of larger water
content, the doublet collapses into a singlet because HF undergoes rapid proton exchange with water and
related species, averaging out the "F-'H coupling. Based on its integral, the HF content in the fresh



electrolyte was calculated to be 40.2 ppm. The signal-to-noise ratio (SNR) of the HF signal is 12, defining
a limit of detection (LOD — concentration for SNR=3), of 10 ppm for a 8 minutes measurement. Considering
that the SNR of the NMR spectrum is proportional to the square root of measurement time, the LOD can
be further reduced by increasing the measurement time.

¢ Investigation of electrolyte degradation

Detecting and quantifying HF and other hydrolysis products formed from the reaction between the
conducting salt and moisture in air or residual water in the electrolyte is important for understanding
electrolyte aging. Figure 7 shows a '°F spectrum of an aged electrolyte acquired in a single-scan (5
seconds). In the spectrum we can clearly identify the PF¢ anion and its related hydrolysis products. Signals
were assigned following previous study [4,5].
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Figure 7. 'F spectrum of an aged electrolyte acquired in just 5 seconds. In this short measurement time different LiPFs hydrolysis
products were detected.

An accelerated PFs degradation study was conducted by adding two microliters of water into 0.5 mL of a
standard LiPFs electrolyte. Figure 8 shows the concentration as a function of time of the different hydrolysis
products. The monitoring experiment acquired '®F spectra during 20 hours. Based on the proposed
degradation pathway [5], if water is abundant, PFe is hydrolyzed rapidly to OPF,O" and strongly increases
HF concentration. OPF,O" further reacts to water to generate a more stable OPFO2%* and releases more
HF. HF attacks the borosilicate glass tube used to contain the sample to yield BFs and water. The reaction
between PFs-derived related species (such as OPF.O") and solvent molecules like DMC is chemically
feasible, the resulting products typically only reach detectable levels after an extended aging period due
to the extremely slow reaction rate [5] .
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Figure 8. Accelerated hydrolysis of electrolytes monitored by '°F NMR.

e Characterization of PVDF

Polyvinylidene fluoride (PVDF) based electrolytes are of great potential for the development of solid-state
batteries [7]. It functions also as separator component in LIB [8] and as binder for electrode materials [9].
The "°F spectrum of PVDF provides valuable structural information. The highest signal between -90 and -
95 ppm corresponds to the head-to-tail connection, while the head-to-head connection form is also visible
between -100 and -120 ppm [10]. The ratio between the two forms can be simply calculated as the ratio
of the respective signal integrals. As the different 19F signals are excited uniformly, no complex correction
is required, as explained above. The fact that the ratio of the signals at around -72 ppm (CF3 group) and -
180 ppm (CF group) is exactly 3:1, suggests the presence of branching structures from the
hexafluoropropylene (HFP) monomer. The signals of the HFP-CF2 group, which should exhibit an integral
of 2, overlap with the VF2-CF: signals from -90 to -120 ppm. By subtracting the HFP-CF integral, the
integral of VF>-CF2 can be calculated as 7.5. Then the monomer ratio between VF, and HFP is 3.755:1.
Combining the monomer ratio and the fluorine content of each monomer (VF2: 59.3%; HFP: 76.0%), the

total fluorine content of the PVDF polymer can be also calculated as 65.7%.
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Figure 9. "9F NMR spectrum of PVDF-HFP copolymer in DMF. Spectral assignments: -65 to -75 ppm (HFP-CF3 groups); -90 to -
95 ppm (VDF-CF2 head-to-tail connection); -100 to -120 ppm (HFP-CF2 groups overlapped with VDF-CF2 head-to-head
connection); and -175 to -185 ppm (HFP-CF groups).



¢ |on mobility and other performance indicators of electrolytes

Spinsolve NMR spectrometers can be equipped with pulsed field gradient (PFG) capabilities to enable the
measurement of molecular self-diffusion coefficients. The diffusion coefficients derived from PFG NMR
can be related to ion mobility, ion-ion interaction, solvation effect, and ultimately to battery performance.
Figure 10 summarizes the diffusion measurements of all three nuclei in a LiPFs electrolyte (1M LiPFe in
EC/DMC 1:1, v/v). As expected from '°F and 3'P measurements, a similar diffusion value is obtained
because they diffuse together. Surprisingly, lithium ions diffuse slower than the anions although the size is
smaller. This is due to the large charge density of Li*, which attracts solvent molecules to form a big
complex [11].
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Figure 10. Diffusion NMR measurement of cation and anion in electrolyte.

In addition, key performance indicators of the ion transport property such as transference number and ion
conductivity can be derived from diffusion values based on the Nernst—Einstein equation [12]. Table 1
summarizes the results for three groups of electrolytes consisting of 1 M LiPFs in different solvent systems.
The transference numbers, t+ and t-, show little dependence on solvent composition and ratio. EC/DMC
electrolytes show higher conductivity than EC/DEC, while the conductivity of the EC/DEC/DMC electrolyte
falls between the two. Between the two EC/DMC electrolytes, a higher proportion of DMC apparently
further increases the ion conductivity.

It has been noted that Nernst—Einstein equation overestimates the ion conductivity [12,13]. As shown in
Table 1, the conductivity calculated from NMR diffusion measurements (onwr) is higher than the value
reported by the supplier (Oral, https://solvionic.com/en/6-electrolytes). This discrepancy appears because
the Nernst—Einstein equation assumes an ideal model where lithium salts are fully disassociated and all
ions diffuse independently, which, in reality, is rarely the case. For example, ion interactions lead to ion



pairs and ion clusters, especially at such high salt concentrations, effectively reducing the number of
charge carriers. Nevertheless, the onwr/Oreal ratio remains approximately constant at about 2 for the three
electrolytes, indicating that the conductivity results obtained by NMR could be a reliable comparative
performance indicator. The onumr / Oreal ratio is linked often to the degree of ion association [14]. A lower
Onmr / Oreal ratio reflects a smaller extent of ion pairing or aggregation and weaker ion-ion or ion-solvent
interactions, corresponding to a larger fraction of free ions actively contributing to charge transport.
Therefore, this ratio can serve as quantitative parameter for evaluating dissociation and guiding electrolyte
design.

Table 1. Summary of diffusion values and calculated performance indicators.

Solvent Solvent ratio D value (10-10 m?%/s) Performance indicators
Conductivity o (mS/cm)
Li F p t+ t-
NMR Real
1:1 1.67 277 272 0.38 062 16.6 8.07
EC/DEC
3.7 200 3.00 299 040 060 187 -
1:1 240 3.80 3.76 0.39 061 232 11.38
EC/DMC
3:7 3.06 439 443 041 059 278 -
EC/DMC/DEC 1:1:1 2.07 3.1 3.11 040 060 194 9.65
Conclusions

This Application Note demonstrates that Spinsolve benchtop NMR spectrometers provide a uniquely
powerful and practical platform for comprehensive characterization of lithium-ion battery electrolytes. By
combining high spectral quality, true quantitative measurements, fast measurement times, and exceptional
operational simplicity in a compact, cryogen-free instrument, Spinsolve spectrometers enable analytical
capabilities that were previously restricted to high-field NMR laboratories. The ability to measure neat
electrolytes without deuterated solvents, automatically switch between multiple nuclei, and obtain accurate
quantitative results without demanding calibration, greatly enhances the analysis of electrolytes—from
solvent composition and additive quantification to salt concentration, degradation monitoring, and ion
mobility studies.

Across all examples shown in this application note, 'H, "Li, '°F, and *'P spectroscopy, as well as diffusion
NMR, Spinsolve spectrometers deliver the resolution, sensitivity, and long-term stability needed for both
advanced research and routine quality control. Complex electrolyte formulations, multi-salt systems, and
degradation pathways can be examined quickly and with high confidence, while gradient-based diffusion
measurements provide deeper insight into ion transport and electrolyte performance metrics. Bringing
these capabilities together in a single, easy-to-operate instrument reduces cost, minimizes sample
preparation needs, and lowers operational complexity compared to conventional approaches.

As the pace of battery innovation continues to accelerate, the demand for fast, accessible, and
nondestructive analytical techniques grows accordingly. Spinsolve benchtop NMR brings high-value
molecular insights directly to the laboratory or production environment, enabling researchers, engineers,
and manufacturers to shorten development cycles, strengthen quality assurance, and advance their
understanding of electrolyte behavior. Its robustness, ease of use, and wide analytical scope make
Spinsolve an indispensable tool for the next generation of battery science and industry.
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Table of common electrolyte components quantified with Spinsolve

Category Compound Full name Nuclei Comment
EC Ethylene carbonate H, 3C -
DMC Dimethyl carbonate H, 13C -
Carbonate
DEC Diethylene carbonate H, 13C -
solvents
EMC Ethylmethyl carbonate H, 13C -
PC Propylene carbonate H, 3C -
VC Vinylene carbonate H LOD* 18 ppm
FEC Fluoroethylene carbonate H, °F SF LOD 38 ppm
DTD Ethylene sulfate H LOD 12 ppm
PES 1,3-Propene sultone H
Additives
PDO 3-Phenyl-1,4,2-dioxazol-5-one H
HTN 1,3,6-Hexanetricarbonitrile H LOD 85 ppm
LiDFOB Lithium difluoro(oxalato)borate H, 7Li, "B, "°F 9F LOD 99 ppm
LiDFP Lithium difluorophosphate H, "Li, °F, *'P 9F LOD 64 ppm
LiPFs Lithium hexafluorophosphate Li, '°F, 3'p -
) LiFSI Lithium bis(fluorosulfonyl)imide Li, '°F, 3P -
Conducting o
Lithium
salts LITFSI o - 7Li, 13C, '9F, 3P -
bis(trifluoromethanesulfonyl)imide
LiBF4 Lithium tetrafluoroborate Li, "B, "°F -
HF Hydrofluoric acid °F SF LOD 10 ppm
Hydrolysis LiDFP Lithium difluorophosphate H, Li, "°F, 3'P 9F LOD 64 ppm
products  LiPOsF Lithium fluorophosphate H, "Li, °F, 3'P "SF LOD 120 ppm
H20 Residual water H LOD 5 ppm
Batte Poly(vinylidene fluoride-co-
Y pvprnre OV 1oF -
component hexafluoropropylene)

*LOD values are given for 2 min measurement time. Longer measurement times result in the reduction of
the LODs.

This table does not cover all components detectable with Spinsolve spectrometers. If the species you are
interested in are not included, please contact sales@magritek.com for assistance.
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