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Dissolved transition metal ions can induce peak shifts in the NMR
spectra of degraded battery electrolytes. Here, we exploit this
staightforward, accessible method to calculate magnetic moments
for dissolved Ni?*, Mn?*, Co?*, and Cu?*; subsequent analysis of
dissolution from LiMn,O,, LiNiO,, and LiNigsMn; 504 shows that
the dissolved metals are exclusively divalent.

Transition metal dissolution and deposition is a significant
contributor to capacity fade in lithium-ion cells."™ There are
limited direct measurements of the oxidation states of dis-
solved transition metals, but such measurements are typically
performed via XANES of the electrolyte solution and/or
separator.”'® This yields only an average oxidation state,”®
and XANES measurements often require synchrotron access.
EPR spectroscopy has been used to distinguish Mn** from
Mn**,7*"12 although this assumes all Mn** is EPR-observable
and all inconsistency between EPR and ICP-OES results is due
to the presence of EPR-silent Mn**—an approach which has
been questioned due to the potential EPR silence of some Mn**
complexes.'® More generally, EPR of metals with either rapid
electronic relaxation or with integer spins, S, including Co>*
(S = 3/2) and Ni** complexes (S = 1),"* can be challenging."®
Capillary electrophoresis is a promising method that has been
used to determine oxidation states of dissolved Mn,'® Fe,'” and
Cu."® Electrochemical methods may also be used to infer metal
oxidation states."*>'

It is thought that most 3d metals dissolve from cathodes as
M?>*;1922725 however, this is of increasing debate. While EPR,
XANES, and electrochemical studies”®'"*%?! of LiMn,0, and/
or LiNiysMn; 0, have observed some fraction of dissolved
Mn®', other XANES, XPS, and capillary electrophoresis/
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Determining the oxidation states of dissolved
transition metals in battery electrolytes from
solution NMR spectrat
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UV-visible studies have shown only Mn>".>®'® XANES of
LiNiy sMn, 5C0,,0, found dissolved Ni*" and Mn?*" but Co*";®
XANES of LiNig33Mng 33C00.330, found dissolved Mn>* (and
deposited Mn**, Ni**, and Co*").'® Dissolved Cu" and Cu>*
(from current collectors) and Fe** and Fe®" (from LiFePO,) have
all been observed."”"'®

Most of the dissolved metal ions are paramagnetic and in
the NMR spectra of electrolytes containing these metals, the
paramagnetic species cause bulk magnetic fields and changes
in all NMR chemical shifts away from their positions in
diamagnetic solutions, known as bulk magnetic susceptibility
(BMS) shifts. These BMS shifts are not observed with an
internal reference, as the reference is also affected, but it may
be observed if the reference is not in contact with the para-
magnetic solution, e.g., by using a sufficiently thick-walled
solvent capillary."****” For a cylindrical sample in a super-
conducting magnet, neglecting the diamagnetic contribution,
the molar magnetic susceptibility of a paramagnetic solute
(M, mL-mol™") depends on the BMS shift it induces (Av, Hz),
the spectrometer frequency (vo, Hz), and the metal concen-
tration (¢, mol-mL ") via eqn (1).

_ 3Avy
" dmvge

™M @)

If the temperature 7 is known, then the effective magnetic
moment . can be calculated (eqn (2)) and compared to the
theoretical spin-only magnetic moment p, which is dependent
on the number of unpaired electrons n (eqn (3))."**® Hence, piegr
may permit identification of the oxidation state and spin state
of paramagnetic compounds.

3k
tor =\ |57 T = 2831 T 2)
AlB

U =~/n(n+2) 3)

Notably, us does not account for spin-orbit coupling or
orbital contributions to the magnetic moment, and ¢ deviates
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from pus when such contributions occur.”®*° The magnetic
moment accounting for orbital contribution is shown in
eqn (4), which simplifies to us when L = 0 (eqn (3), as
S = n/2). The p.i of a sample can also be interpreted via
comparison to fi.¢ of known compounds.>®*°

tser = V/4S(S+ 1)+ L(L+1) (4)

This work uses "H BMS shifts of solvent peaks to character-
ise dissolved transition metals in a typical electrolyte solution,
1 M LiPF¢ in 3:7 ethylene carbonate: ethyl methyl carbonate
(EC: EMC, v/v). Trifluoromethanesulfonimide (TFSI) salts were
used to model dissolved Mn?**, Co®*, Ni**, and Cu®*'. NMR
spectra of diamagnetic and paramagnetic electrolyte solutions
were measured separately (referenced to C¢D¢ capillaries) and
the BMS shift was extracted by comparison. Metal dissolution
from LiMn,0,, LiNiO,, and LiNi, sMn, s0, was characterised by
storing cathode powders with electrolyte, after which isolated
solutions were analysed with NMR and ICP-OES. Additional
experimental details are provided in the ESIL{ including a
diagram of the NMR tube with solvent capillary (Fig. S1, ESIT).

To evaluate the method’s sensitivity, magnetic susceptibility
calibration curves were constructed from electrolyte samples
containing different concentrations (0.01, 0.05, 0.1, 0.5, 1, 3,
and 5 mM) of Mn(TFSI), or Ni(TFSI), (Fig. 1).

Only the 0.5, 1, 3, and 5 mM measurements are shown in
Fig. 1, as the 'H BMS shift upon addition of 0.1 mM of
Mn(TFSI), or Ni(TFSI), is below the limit of detection (LoD)
of our experiments; peak shifts at smaller concentrations are
negligible. Total magnetic susceptibility y is presented rather
than molar magnetic susceptibility y (i.e., eqn (1) is applied
but without dividing by c). Values increase linearly with metal
concentration, with good fits from all four peaks (data for fits in
(f)-(i) are shown in ESI,{ Table S1), indicating that the measure-
ment is reliable for metal concentrations >0.5 mM.
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Fig. 1 (a) 'H NMR spectra, (b)—(e) peak shifts, and (f)—(i) magnetic sus-
ceptibilities (y, calculated as in egn (1) but without dividing by concen-
tration, c), for electrolyte solutions containing Mn(TFSI), or Ni(TFSI),.
Spectra are shown for the electrolyte without (black) and with 5 mM
Mn?* (red) or Ni?* (blue). Panels correspond to (b) and (f) EC CH., (c) and
(g9) EMC ethyl CHj, (d) and (h) EMC methyl, and (e) and (i) EMC ethyl CHz
resonances, shaded with the same colours as used for the protons in the
EC and EMC molecules shown in (a).
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Fig. 2 (a)-(f) Magnetic susceptibilities of solutions containing different

amounts of Mn(TFSI), and Ni(TFSI), added to electrolyte solutions. Per-
centages give the average error of the four predicted values from the four
H resonances, as compared to the four measured values for each sample.

The LoD was estimated by calculating u.¢ for each sample.
At concentrations >0.5 mM, fieg = 3.3-3.4 up for Ni** and 6.0~
6.1 ug for Mn>", but this differed by 14-18% at 0.1 mM
(3.8 up for Ni** and 4.9 ug for Mn**); hence, the LoD is in the
0.1-0.5 mM range. We note that small differences in peak
positions may arise from small variations in the magnetic field
(e.g, from different shimming or placement of samples in NMR
tubes) as the diamagnetic and paramagnetic spectra were
measured in separate samples and referenced to each other
via C¢Dg capillaries. This variation may be reduced by incorpor-
ating the diamagnetic and paramagnetic electrolytes into one
sample, by using a reference capillary of deuterated diamag-
netic electrolyte, which may increase the sensitivity of the
method.

To evaluate the method’s ability to measure samples con-
taining more than one dissolved metal, solutions were pre-
pared containing both Mn(TFSI), and Ni(TFSI),. Fig. 2 shows
the total predicted and observed magnetic susceptibilities of
these samples, where predicted magnetic susceptibilities are
calculated using the correlations determined in Fig. 1(f)-(i).

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Effective magnetic moments (dashed lines) for dissolved Mn(TFSI),,
Co(TFSl),, Ni(TFSI),, and Cu(TFSI),, calculated from the BMS shift of the *H
EMC ethyl CHs peak. Black points show the theoretical values of the spin-
only magnetic moment for different numbers of unpaired electrons.
Electrolyte solutions contained 5 mM M(TFSI),.

The susceptibilities for samples containing both Ni** and
Mn>" in Fig. 2 are consistent with the calibrations generated
from single metals, showing the BMS method is additive. While
the error is 9.3% in a solution containing 1 mM paramagnetic
ions total, this drops to 2.1% in a solution containing 2 mM
paramagnetic ions; all other samples, with 3-9 mM metal ions,
have <1% error. Hence, it is important to have a sufficient
concentration of metal ions for accurate measurement.

Magnetic susceptibilities were then used to determine mag-
netic moments (eqn (1) and (2)) for a series of paramagnetic
ions often found in battery electrolytes. Fig. 3 shows ueg for
dissolved Mn(TFSI),, Ni(TFSI),, Co(TFSI),, and Cu(TFSI),
(values listed in ESI,T Table S2), calculated from the EMC ethyl
CH; shift of 5 mM solutions; pg is also shown for comparison.

For d®> Mn(TFSI),, teg = 6.07 ug, which is close to the n =5
(S = 5/2) value of pg, 5.92 pg. For Cu(TFSI),, Ni(TFSI),, and
CO(TFSI),, tesr > s by 0.38, 0.45, and 1.27 up, respectively.
These larger values arise because g does not account for spin-
orbit coupling or orbital contributions,*®*° but for Mn**, L = 0
and ug; = us (eqn (3)-(4)). If Co** (d’, S = 3/2, L = 3), Ni*"
(d® §=1,L=3),and Cu*" (d°, § = 1/2, L = 2) were free ions with
degenerate d orbitals, all would show orbital contributions to
Uege- If a tetrahedral field splitting occurred, only Ni** and Cu**
would have an orbital contribution. Instead, the large deviation
from p, for Co®" only is consistent with an octahedral splitting,
where orbital contribution to the magnetic moment is
quenched to first order for Ni*" (t5,e;) and Cu®" (t5,e3), but
not Co>" (t34e3).>® The smaller deviation from g for Ni*" and
Cu*" is then due to mixing in of excited states via spin-orbit
coupling. Although tetrahedral and octahedral splitting are
simplifications due to the complex solvation environment,
the splitting suggests paramagnetic ions are approximately
six-coordinate. The u.¢ values in Fig. 3 are also consistent with
literature values for these ions.*® The BMS shift is therefore
viable for measuring oxidation states of transition metals in
battery electrolyte solutions.

Beyond the BMS shift, additional shifting of select peaks can
be induced by coordination to paramagnetic metals via the
hyperfine shift, which has both contact and pseudocontact

This journal is © The Royal Society of Chemistry 2023
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Table 1 'H peak shifts and corresponding Mn?* molar magnetic suscept-
ibilities. The peak shift indicates difference between chemical shifts of
(i) electrolyte solution + 0.1 M NEt4BF,4 and (ii) the same solution with 5 mM
Mn(TFSI), added

EMC ethyl EMC EMC NEt,BF,
EC CH, methyl ethyl CH; CH,
AS (ppm) 0.339  0.326 0.325  0.316 0.315
M (mL molfl) 0.0162 0.0155 0.0155 0.0151 0.0150

(dipolar) components. To compare the reliability of suscept-
ibilities obtained from EC and EMC peak shifts, NEt,BF, was
added to the electrolyte solution, since NEt," is not expected to
coordinate to transition metal cations, and y,; was measured
for dissolved Mn(TFSI),. Table 1 shows magnetic data obtained
from comparing diamagnetic and Mn>*-containing electrolyte
solutions, both with 0.1 M NEt,BF,.

Peak shifts in Table 1 follow EC > EMC ethyl CH, ~ EMC
methyl > EMC ethyl CH; ~ NEt,BF, CH,. The shifts are
similar, suggesting all resonances can be used to extract yu.
However, the EMC ethyl CH; resonance shows the smallest Ad
on addition of Mn** (presumably because it is furthest from the
O atoms involved in metal coordination): this shift therefore
provides the most accurate y, among the solvent peaks.
Notably, because the EMC ethyl CH; shift is similar to the
NEt,BF, CH, shift, this shows NEt,BF, addition permits
measurement of the BMS shift. The addition of a non-
coordinating agent may be beneficial in solutions where solvent
peaks are affected by significant hyperfine shifts.

The major contribution to the Mn>" hyperfine shifts likely
arises from a contact shift, as high-spin d®> Mn?>" is isotropic®
so pseudocontact shifts are not possible.* This is in contrast to
Ni**, cu®, and high-spin Co®', which may have anisotropic
magnetic susceptibilities and may undergo pseudocontact and
contact shifts. Peak shifts may also occur due to differences in
metal coordination and binding environments within the elec-
trolytes, as observed for Li* coordination in carbonate electro-
lyte solutions, where C and O sites (probed by “*C and 7O
NMR) nearer to coordinated Li" undergo larger changes in
chemical shift on addition of LiPFs.*"** Whether arising from
a contact or deshielding effect, the larger shift for EC in Table 1
may indicate that Mn>" preferentially coordinates to EC, con-
sistent with previous computational work.>?

The EMC ethyl CH; peak shift was then used to characterise
Mn and Ni dissolved from LiMn,O,, LiNiO,, and LiNiy sMn; 504
(Fig. 4). Cathode powders were stored with electrolyte and
0.1 vol% water (to generate HF) at 60 °C. (Mn>" dissolution
was also observed from LiMn,O, stored without added water,
ESL T Fig. S2.) Concentrations from ICP-OES (see below/ESIT)
were used to predict the total y using the calibration in Fig. 1(i).

In all cases, measurements of samples with dissolved Mn
and Ni from cathode materials match measurements of sam-
ples with dissolved Mn(TFSI), and Ni(TFSI),. The predictions
would be inaccurate if the solutions contained dissolved metals
with different oxidation states; e.g., Mn®>* has ug = 5.92 uz and
Pett & 5.65-6.10 up;’® while Mn®*" has us = 4.90 pp and

Chem. Commun., 2023, 59, 1677-1680 | 1679
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Fig. 4 y and uee for ions dissolved from (a) LiMn,Oy, (b) LiNiO,, and
(c) LiNig.sMny 504. Predicted arises from Mn(TFSI), and Ni(TFSI), ym values
multiplied by ICP-OES concentrations; predicted uee values are those
reported in Fig. 3 for Mn(TFSI), and Ni(TFSI),.

Uegr & 4.90-5.00 up.>° The BMS shift therefore shows that the
metals dissolved from LiMn,O,, LiNiO,, and LiNi, sMn; 50, are
exclusively Mn”>* and Ni**. We note, however, that results may
differ depending on the dissolution mechanism (for instance,
in a full cell, a high-voltage mechanism may cause dissolution
of different species).

If one species is dissolved and jy,, is known, concentration may
also be determined (eqn (1)). For LiMn,0, and LiNiO,, the peak
shift predicts 6.11 mM Mn*" and 20.31 mM Ni**, ICP-OES of the
NMR samples showed 6.03 + 0.04 mM Mn and 19.98 £ 0.07 mM
Ni, respectively. (For LiNi, sMn; 50, ICP-OES, see ESIt).

In short, we show the oxidation states of dissolved transition
metals in battery electrolyte solutions can be determined from
simple solution NMR spectra. Even in cases where one metal
oxidation state is diamagnetic (e.g;, Cu’, Co®"), the fraction of
paramagnetic dissolution can be determined by using the suscepti-
bility of the paramagnetic ion (e.g., Cu**, Co®) and solving for its
concentration; any remaining metal concentration is then diamag-
netic. This accessible method may be applied to any paramagnetic
species, making it suitable for lithium-ion and beyond-lithium
systems using any liquid electrolyte chemistry. Knowledge of dis-
solved oxidation states may clarify dissolution mechanisms and
dictate strategies adopted to mitigate battery degradation.
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