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Accurate measurement of the cation transference number is critical for designing batteries with a given electrolyte. A promising
approach for measuring this parameter is electrophoretic NMR (eNMR). In the standard approach, the average cation, anion, and
solvent velocities under an applied electric field are used to estimate the cation transference number with respect to the solvent
velocity, 2. In this study, we show that 0 can be determined from measurements of the electric-field-induced velocities of
individual species. The ¢, values obtained from eNMR experiments on a model electrolyte (LiTFSI/tetraglyme) based on single
species velocities are consistent with the standard approach. An important parameter that enters into the analysis is the velocity of
the electrode electrolyte interface which must be finite in an eNMR experiment. Agreement is only obtained after accounting for
this velocity. The single-species approach is particularly valuable when one or more components of the electrolytic mixture are not
easily accessible by NMR, for example zinc and magnesium cations.

© 2023 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/
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The operation and performance of rechargeable batteries depends
critically upon ion transport in the electrolytic phase. In most
batteries, the electrolytic phase comprises a mixture of cations,
anions, and solvent molecules. These mixtures are commonly
referred to as binary electrolytes." While conductivity, &, describes
the overall transport of cations and anions in a binary electrolyte, the
cation transference number quantifies the fraction of current carried
only by the cation in an electrolyte of uniform composition.' As the
cation is commonly the working ion, the magnitude of the
transference number directly influences the formation of salt con-
centration gradients during polarization.> Concentrated solution
theory® provides a generalized understanding of ion transport in
polarized electrolytes. In this theory the governing equations’® for
the molar electrolyte concentration, ¢, can be written as

@ziD(l_dlnco)g Qa0
ot ox

dne Jor)  meFox o M
M _ V{i(D(1 _dlnc Cﬂ)d_c) _ ﬁ} 2]
0x 0x dInc /ox V24 F ox

where i is the applied current density, ¢y is the molar solvent

concentration, V is the partial molar volume of salt, v, is the solvent

velocity, and #{ is the cation transference number with respect to this
solvent velocity. D is the salt diffusion coefficient as defined by

Newman and Chapman.’ It is the diffusion coefficient measured in a

restricted diffusion experiment.” Predicting concentration gradients

using Egs. 1 and 2 necessitates knowled§e of the concentration
dependence of the transference number.'®~'® These predictions lie at
the heart of determining the factors that limit performance under
conditions of fast cycling'”>' and that accelerate undesirable
dendritic growth at the electrodes.?>*

Our main objective is to shed light on experimental measurement
of . Accurate electrochemical measurements of ¢ are frequently

beset by experimental difficulties. Over 90 years ago, Maclnnes and
Longsworth®® noted “determination of transference numbers have
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been difficult to carry out and have yielded results of low precision
even in the hands of careful workers.” This statement retains its
validity even today.”*® A commonly used method for determining
the transference number was proposed by Ma et al.,”” wherein tf is
determined using four separate electrochemical expelriments.]8‘26‘29’31
Large error bars result from the need for combining results from
different experiments, and the intrinsic coupling between transport and
thermodynamic parameters in the expressions used to analyze the data.
On the other hand, electrophoretic NMR (eNMR)**** provides a more
direct approach for determining tf from a single type of experiment. In
this approach, the averaged species velocities that result from the
application of an electric field are measured.>*® The velocities are
measured at early times, prior to the formation of concentration
gradients. Knowledge of these velocities, v, v_, and v, for the three
species (cation, anion, and solvent) in the electrolyte of interest, can be
used to determine £0:*’

0= 3]

Ve —

Figure 1 schematically shows the experimental setup for eNMR
measurements, with the electrolyte situated between two electrodes,
where it is assumed that species velocities are measured in the
stationary laboratory reference frame. Although the electrode
electrolyte interface may translate based on the specific nature of
the electrochemical reactions at the interface as shown in Figure 1,
Eq. 3 involves velocity differences and is therefore valid for species
velocities measured in any reference frame.

In this work, we ask if we can estimate the transference number,
tf, given individual species velocities measured experimentally.

Using Egs. 1 and 2, we derive expressions that relate tf to individual
cation, anion, or solvent velocities, and explore their applicability
using recentlg acquired eNMR data for a series of tetraglyme-based
electrolytes.’

Theory

Equations 1 and 2 describe ion transport in binary electrolytes
under an applied electric field in any inertial reference frame; see
Fig. 1. In general, the positive electrode electrolyte interface® moves
with a finite velocity, Vi, face> i response to well-defined electro-
chemical interactions such as metal deposition or ion insertion, as
well as side reactions that can consume the electrolytic phase. For
example, for a non-blocking metal electrode undergoing reversible
deposition and dissolution, v{,.s.cc can be calculated using Faraday’s
second law,

My
z2+Fpy

(4]

! -_—
Vinterface =

where My is the atomic weight of, and py is the density of, the
metal electrode, M, and z is the cationic charge of the metal, M*+. i
is the current density passing through the electrode electrolyte
interface and the electrolyte. Equation 4 assumes that the solid—
electrolyte interphases (SEI) remain unchanged during the experi-
ment. The x-axis in Fig. 1 is pointed in the direction of i. The
negative sign in Eq. 4 implies that the interface would move in the
direction opposite to the current flow, in the —x direction in Fig. 1.
However, eNMR experiments 33.36 usually employ Pd or Pt elec-
trodes that do not undergo reversible stripping and plating, and
consequently the direction of movement of the electrode electrolyte
interface in these systems has not been established. In Fig. 1, we
show the interface moving in the +x direction. The reason for this
will soon be clear.

In the analysis that follows, we use a reference frame fixed to the
positive electrode electrolyte interface, one that moves with a
velocity Vijerface- OUr equations are valid regardless of the magnitude
and sign of Ve pace- AS shown in Ref. 8, Eqs. 1 and 2 can be solved

|
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x is a moving frame attached to the
left electrode-electrolyte interface

Figure 1. A schematic diagram showing the electrodes (labelled “M”) and
electrolytic phase in a typical eNMR experiment. The passage of ionic
current, i, in the x direction for a short polarization time interval, 6z, results in
the translation of species in the electrolytic phase that is measured by eNMR.
This also results in the translation of the electrode electrolyte interfaces.
Vinterface 18 the velocity of the positive electrode (shown on the left) relative to
a stationary reference frame. The concentration in the electrolytic phase is
assumed to be spatially uniform during the eNMR experiment.

to obtain the cation and anion velocities in this moving reference
frame,

v = —lD(l _ dln CO)@ sl o4y, [5]
c dlnc C o UsZy
= —lD(l - M)@ ~La—y +vo. 6]
c dlnc Jox ¢ vzl

The corresponding solvent velocity, vy, can be obtained by solving
Eq. 2. In the subsequent discussion, v represents velocities in the
moving reference frame attached to the positive electrode electrolyte
interface, while V" represents velocities in the stationary laboratory
reference frame.

We can show that, for the very short polarization times in eNMR
experiments (e.g., 100 ms), the concentrations remain nearly spa-
tially uniform within the electrolyte. In this limit, it was shown in
Ref. 8 that each of the three species velocities can be written as

1o i

Vv, = —t + Vo, 7
+ c + Uiz i F 0 [7]
w=——(1 -1 + Vo, (8]

UyZ 4

- 1
vo=V({ —1Y ) [9]

0 Uz F

Equivalently, the species velocities in the stationary laboratory
frame, as measured by eNMR, are
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By rearranging Eqs. 10-12, we can estimate tf from each of the
species velocities as

tO — 1 _ {IJ+Z+FC(V_;_ - Vi/nlerface) _ CV} [13]
T =V i ’
tf =1+ 1 _ {U+Z+FC(VL '_ Vi/merface)}, [14]
(1 =c¢cV) i
tE =1- D+Z+F(V6V_i vi/nterface). [15]

Typically, eNMR experiments apply a constant voltage differ-
ence, V, across the length, L, of the cell. The current passing through
an electrolyte of uniform composition in the eNMR experiment is
given by Ohm’s law,

\4
i=kr [16]

Substituting for i in Egs. 13—15 using Eq. 16, we obtain:

ti) 1 {U+Z+FC (Vi - Vi/nterface) _ CV}, [17]

Ta-an | o« VIL
tJ? =1+ 1 _ U+Z+FC(V— - vinterface) , [18]
(1 =c¢cV) K VIL
tO =1 U+Z_4FC (V(; - vi/merface ) [19]
* Vi V/L

Equations 17—19 are new theoretical expressions that relate ° to
each individual species velocity, i.e., v, v and vy, respectively. As
per Eq. 19, even measurements of solvent velocity alone can
underpin tf:. Since tfr) is a material property, it follows that all of
the velocities on the right side must be proportional to V/L. In our
prior eNMR experiments, we have experimentally verified that this
linear relationship holds for all species velocities.*® Rather than
report the slopes, v/L/V (i = 4+, —, 0), we report scaled species
velocities obtained at V/L = 1 Vmm™".

Results and Discussion

The subsequent discussion tests these expressions (Egs. 17-19)
using experimental eNMR species velocities in electrolytes com-
prising mixtures of lithium bis(trifluoromethanesulfonyl) imide
(LiTFSI) salt dissolved in tetraglyme.*®*™*' Unlike Eq. 3 wherein zf
is determined from all three species velocities, Eqs. 17-19 estimate
tf of an electrolyte with concentration, ¢, from only one species
velocity, if the following additional information is known: partial
molar volume of salt, V; ionic conductivity, x, at the salt concentra-
tion of interest, ¢; and velocity of the positive electrode electrolyte
interface, V{yerface» iN the stationary laboratory reference frame. V can
be estimated if the electrolyte density, p, is known as a function of

(a) \ . : 1 .

o 1 2 3 4
¢ [mol/L]

Figure 2. (a) Electrolyte density and (b) ionic conductivity
measurements®'*? of LiTFSI/tetraglyme electrolytes at 30 °C, and the
corresponding fitted trend (solid trace; Eq. 20).

concentration.' The ionic conductivity & is also readily measured,
e.g., from ac impedance measurements using blocking electrodes.
We have previously reported thermodynamic and ionic transport
data in LiTFSI/tetraglyme electrolytes as a function of ¢.>'** All
measurements are reported at 30 °C.

The density and ionic conductivity datasets are shown in Fig. 2,
along with the fitted trace

p = 0.168c + 0.989. [20]

Equation 20 can be subsequently used to estimate V, as per the
definition of the partial molar volume,'

u-d
\7=—‘;§, [21]
P —Cy

where M is the molar mass of LiTFSI salt.

The individual species velocities measured by eNMR are
reported in Fig. 3, scaled to a fixed applied electric field of 1 V
mm~'.*® In order to determine tf from single species velocities
(Egs. 17-19), we need an estimate of Viyrrace- AS Eq. 4 shows, the
electrode electrolyte interfacial velocity is well-defined in some
cases, e.g., reversible deposition on non-blocking electrodes.
However, the nature of the reactions that occur at interfaces with
noble metal electrodes like Pt or Pd in eNMR experiments are not
known. Consequently, we first assume that the interface does not
move in the stationary reference frame, i.e., v} ierrace = 0. Under this
assumption, Eqs. 17-19 can be readily applied to estimate tf:. In
Fig. 4, we compare these estimates with tf determined using all three
species velocities (Eq. 3). We refer to tf obtained using Eq. 3 as the

“standard.” In Fig. 4a we compare the tf obtained using the cation
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Figure 3. Spatially averaged species velocities of LiTFSI/tetraglyme elec-
trolytes in the laboratory frame of reference, measured using "Li ), Y
(), and 'H (vy) eNMR experiments38 at 30 °C. The velocities are scaled to
an electric field of 1 V. mm™". Note that positive velocities imply motion in
the same direction as the current passing through the cell. Error bars lie
within the symbols.

velocity alone with the standard dataset. Here we see quantitative
agreement in the dilute window up to a concentration of 1 mol L™"'.
At higher concentrations, ¢ determined from the cation velocity is
somewhat higher than the standard. There is, however, general
qualitative agreement between tfr) determined using Eqs. 3 and 17. In

Fig. 4b we compare the tf obtained using the anion velocity alone
(Eq. 18) with the standard dataset. Here we see good qualitative
agreement between the two methods, but quantitative agreement is
lost at concentrations above 0.5 mol L™'. Figure 4c, on the other
hand, shows qualitative disagreement between tfr’ determined using
the solvent velocity alone (Eq. 19) over most of the concentration
window. Somewhat surprisingly, we find agreement between the two
methods at the two highest concentrations. The general agreement
between the two approaches in Figs. 4a and 4b lends considerable
support for Eqs. 17-19.

We now revisit viyermce- Since 0 is a property of the electrolyte,
independent of the method used to determine it, we can combine
Eqgs. 17 and 19 and thereby obtain a relationship for v, .c. that does

not include tf. Similarly, we can combine Eqgs. 18 and 19 to obtain a

(a)

044 --- Eq. [4] r
@ —4— Eq. [22]
S .0 r
g % ma e
=021 :
(]
& 0.1- -
g
<2 '
I B
—0.1 ideal Li-electrolyte interface

0 05 1 15 2
¢ [mol /L]

Figure 5. Estimated values of electrode electrolyte interface velocities in
eNMR measurements of LiTFSI/tetraglyme electrolytes at 30 °C using Pt
electrodes. Equation 22 uses v; and v, whereas Eq. 23 uses v and v to
estimate Vjrce- 1he nearly overlapping trends show consistency between
the two approaches. For reference, the expected values of v} ;... that would
be obtained for reversible lithium metal electrodes are shown as filled circles

(Eq. 4).

second relationship for v .r.cc- These two relationships are given
below.

\%
K—,
vyz F L

Vinterface = (CV)V-:— +1- CV)Vé - [22]

Vi,nterface = (CV)VL + (1 - CV)Vé. [23]

All of the parameters on the right sides of Eqgs. 22 and 23 are
known, and thus v} ... can be estimated using two independent
expressions. The calculated values thus obtained are plotted as a
function of concentration in Fig. 5. The agreement between the two
independently calculated vy ..s,ce Values lends considerable support
to our approach for calculating this parameter. We also show v}, erface
for a reversible lithium metal electrode, calculated using Eq. 4. It is
clear that the reactions occurring in our eNMR cell that give rise to
motion of the positive electrode electrolyte interface are very
different from reversible plating and stripping. Further work is
needed to identify the reactions that underlie our measurements of

!
Vinterface-

0.4 - .
0.3 -
_, 021 .
+~
0.1 .

—0.1 1

017 F- Eq ] [ ¥ i
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Figure 4. The dependence of tf on concentration based on single-species velocity expressions for LiTFSI/tetraglyme electrolytes at 30 °C. tf is calculated using
v, in (a) (Eq. 17), v/ in (b) (Eq. 18), and vy in (c) (Eq. 19), assuming v} ;r.ce = 0. As a reference, we present tfr) determined by the standard approach (Eq. 3) in all

three plots.
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Figure 6. The dependence of tf on concentration based on single-species velocity expressions for LiTFSI/tetraglyme electrolytes at 30 °C. tf is calculated using
v} in (a) (Eq. 17), v/ in (b) (Eq. 18), and v} in (c) (Eq. 19), using v/perface Values from Fig. 5. As a reference, we present ¢ determined by the standard approach

(Eq. 3) in all three plots.

We use averaged viyerrace Values from Fig. 5 with Eqs. 17-19 to
obtain a revised estimate of 7°. These estimates are compared with

the standard tf in Fig. 6. Not only do the original three-species
equation (Eq. 3) and the single-species expressions (Eqgs. 17-19)
estimate similar ¢, all of them also capture the minimum value of 7
near ¢ ~ 1.5 mol L™'. The error bars in Fig. 6c are larger as
compared to Figs. 6a and 6b because the magnitude of the solvent
velocity is smaller than that of the ionic species (see Fig. 3).

It is interesting to note that while Eqs. 17-19 only rely on one
species velocity for estimating tf (in contrast to Eq. 3), we require at
least two species velocities, v; and vy or v/ and v, to underpin the
unpredictable flux caused by Vijegce (using Egs. 22 and 23,

respectively). The standard method for measuring tf (Eq. 3) employs
differences of velocities in both the numerator and denominator and
is thus insensitive t0 Vijerfuce- Only when employing eNMR
velocities on their own such as in Egs. 17-19 does the need to
account for the electrolyte—electrode interface motion become
apparent. In that sense, single-velocity estimates of #° require fewer
experiments, but may require either careful consideration of inter-
facial effects, or potentially more involved experimental setups
utilizing non-blocking electrodes where v/, ..cc 1S Well-defined.

Conclusions

As compared to traditional electroanalytical techniques, electro-
phoretic NMR (eNMR) is a more straightforward approach for
measuring the transference number of electrolytes. In the standard
approach, measurements of all three species velocities, i.e., cation,
anion and solvent, are used to determine tf of a binary electrolyte
using Eq. 3.>” Our main purpose is to present new equations that
express #0 in terms of individual species velocities (Eqs. 17—19). Our
theoretical results (Eqs. 1-19; 21-23) apply to any binary electro-
lyte, regardless of the values of z, and z_. We show that a reference
frame attached to the electrode electrolyte interface is convenient for
solving the governing equations and relating the species velocities to
tf. Interestingly, our work shows that even measurements of the
solvent velocity alone can be used to characterize the transference
number. In other words, the velocity of the uncharged species can be
used to determine a parameter that is related to the fraction of current
carried by the cation relative to that of the anion. We tested the
validity of the single-species equations using experimentally mea-
sured eNMR species velocities in LiTESI/tetraglyme.®

All electrode electrolyte interfaces must move when electroche-
mical reactions are carried out, and this results in translation of the
entire electrolytic phase. Since this motion is unrelated to ion
transport within the electrolyte, measurements of species velocities
based on a stationary reference frame must be corrected for this
translation. Fortuitously, the electrode electrolyte interface velocity
cancels out in the standard approach for determining tf from species
velocities (Eq. 3). Knowledge of the electrode electrolyte interface
velocity is, however, necessary for determining t? from single
species velocities unless these velocities are much larger than
Viverfacer 10 the present case of LiTFSI/tetraglyme electrolytes
examined using Pt electrodes, eNMR measurements of all species
velocities enable quantifying Vi r.c.» @ parameter that has hitherto
remained unrecognized in the literature.

Our approach is based on concentrated solution theory,® and can
thus be used to interpret eNMR measurements of transference
numbers at any salt concentration. It may be particularly important
in the characterization of electrolytes containing species not easily
accessible by NMR, such as Mg>" and Zn>". There is no inherent
reason to use blocking electrodes such as Pd and Pt in eNMR
experiments. These electrodes must participate in irreversible reac-
tions involving the electrolyte and solvent molecules at the electrode
electrolyte interfaces. Employing reversible electrodes with well-
defined reactions will enable determining the electrode electrolyte
interface velocity directly. In Ref. 43, Hayamizu et al. conducted
eNMR experiments using reversible Li metal electrodes. Such
experiments also enable measurement of current, an important
parameter that is rarely discussed in the context of eNMR.

Concentrated solution theory as established in 1965 quantifies ion
transport in electrochemical systems.® Even today, it provides fertile
ground for establishing new approaches for studying ion transport,
including the analysis of experiments that were not conceived when
the theory was proposed.
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