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Direct Measurement of Lithium Ion Fluxes with a

Rotating Ring Disc Electrode in Potentiometric Mode

Maria del Pozot, Florencia Marchini, Leonardo Cantoni, Ernesto J. Calvo”
INQUIMAE. Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires.

Pabellon 2, Ciudad Universitaria. AR-1428 Buenos Aires. Argentina

ABSTRACT:

Using potentiometric detection of lithium ions with a rotating ring disc electrode
(RRDE), we report for the first time the simultaneous direct measurement of lithium ion
fluxes for two experiments: a) O, reduction in LiPFs DMSO electrolyte and b) insertion
and release of Li* into and from LiMn,Oy, spinel structure in contact with aqueous Li" ion
solution. The theory of potentiometric RRDE developed for local pH measurement
(Albery, Calvo, 1983) could be applied to obtain quantitative description of lithium
surface concentration which differs from the analytical concentration under current flow.

The new potentiometric technique can detect mismatch of electron and lithium ion fluxes.
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INTRODUCTION

The theory of the potentiometric measurement with a ring electrode of a rotating ring disc
electrode system (RRDE) has been developed by Albery and Calvo in 1983 for the
measurement of surface pH changes.[1] This has been further developed by Albery and
Mount [2, 3], and extended to the potentiometric measurement of the counter ion
bromide.[4]

For a Faradaic process at the disc electrode, the theory provides a method to measure the
surface concentrations at the ring electrode by a Nernstian potentiometric response and
relates that concentration to the surface concentration at the disc electrode only by a
geometric "detection efficiency" without disturbing the concentration profile. For
complex multistep reactions, one can separate the contributions from different processes
when the ion flux at the disc and the ring do not match according to the theory.

During the O, reduction at Au disc electrode in lithium containing non aqueous electro-
lyte, a similar flux of Li" towards the disc electrode should correspond to the O,
convective-diffusion flux. Therefore if the measured surface concentration of Li",
detected by following the ring potential, is different from the bulk concentration a net
lithium ion flux towards the electrode should match the incoming flux of oxygen.
Another interesting application of this potentiometric method to assess the surface
concentration of ions is the intercalation process, for instance the intercalation/de-
intercalation reactions taking place at the surface of LiMn,0, in contact with lithium ion
electrolyte. This is the case of lithium ion batteries in non aqueous solvents. We have also
recently described a highly selective LiMn,O, - polypyrrole electrochemical cell for the
extraction of LiCl from natural brine [5, 6]. Reproducible intercalation of Li* in Li,Mn,04
(0<x <1)and CI in oxidized polypyrrole (PPy") is achieved with an overall cell voltage

of less 1V. LiMn,O, is a stable phase with half lithium content in the discharge curve



from A-MnO,; to Li,Mn,04 [7, 8]. The mixed oxide LiMn,04 has a spinel structure
(space-group Fd3m) and the unit cell contains 56 atoms: A cubic close-packed array of
oxygen ions occupying the 32e sites; 16 Mn ions are located in the octahedral 16d sites
(MnOg) and 8 Li ions in the tetrahedral 8a sites.[9] Lithium ions can be inserted in A-
MnO, cubic phase and extracted from LiMn,0O4 in aqueous solutions by a topotactic Li*
insertion reaction within the cubic symmetry with isotropic expansion of the cell.[10, 11]
Recently, a mercury-capped platinum ultramicroelectrode (Hg/Pt UMEs) has been
reported as amperometric probe for lithium ion concentration measurements using
scanning electrochemical microscopy (SECM) [12, 13]. The potentiometric RRDE
method, however, shows advantages over SECM approach since the forced convection
eliminates the very serious concerns about thermally induced convective flows in the

latter system.[14]

In this communication, we describe the theory and experiment to detect the surface
lithium ion concentration using a potentiometric rotating ring disc electrode and the
measurement of ion fluxes.

Theory

We measure the electrode potential of an Au ring covered with Li; sMn,04 with respect
to a reference electrode with potential independent of lithium ion activity. For a net flux
of Li* ions incoming or outgoing from the disc electrode surface, the disc surface and
hence the ring surface concentration differ from the bulk concentration.

For this we make use of the “detection efficiency” as compared to the “collection
efficiency”.[15] The latter is a ratio of the ring to disc currents, while the former is the
ratio of the concentration measured by the potentiometric ring electrode (zero flux on the

ring) to the concentration at the disc surface:
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Where Cp o is the concentration at the disc surface, and ¢ is the concentration at a point

on the ring surface so that a zero net flux at the ring is set.
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Both the collection and the detection efficiency are geometric paramenters, i.e. they only
depend on the ring-disc radii, r;, r, and r; and not on the electrochemical reaction.
The surface concentration on the ring is proportional to the disc surface concentration and
the proportionality constant, the potentiometric “Detection Efficiency Coefficient”, Np,

only depends on the RRDE geometry:[1]
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Where Dy is the diffusion coefficient of lithium ions in the liquid electrolyte, r; is the disc
radius and W the rotation frequency in Hz, ip is the disc current, v is the kinematic
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viscosity of the liquid, and Z, ; = 0.64 v is the diffusion layer thickness for W

=1 Hz.
The flux of lithium ions at the disc surface is given by:
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Replacing Z),, in eqn. (3) and replacing in eqn. (5) we obtain the lithium ion current

density, which can be compared to the total electron current at the disk for more complex

situations:
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EXPERIMENTAL PROCEDURES

All reagents were analytical grade and used without further purification. All solutions
were prepared using ultrapure Milli-Q water (18MQ). Non-aqueous solution were
prepared in anhydrous dimethyl sulfoxide (DMSO) inside the M-Braun glove box.

All electrochemical measurements were performed using an Autolab PGSTAT204 in a
three electrode configuration, using the substrate as a working electrode, an Ag/AgCl (3
M KCl) or Li;Mn,0, / LiMn,O4 (IM LiPF4 in DMSO) as reference electrode and a large
area polypyrrole counter electrode.

We have used a Au-Au rotating ring disc electrode system with the following geometry,
Au disc r; = 0.25 with 0.2 cm? area, inner and outer ring radious 1, = 0.26 cm, 13 = 0.30
cm respectively. The system has a detection coefficient Np = 0.49 in potentiometry mode
calculated with the theory published elsewhere [1], while the amperometric mode
collection efficiency is Ny = - 0.28.[16]

The Au disc electrode was covered by LiMn,0, with an ink prepared by mixing LiMn,0,,
polyvinylidene fluoride (Sigma Aldrich) and Vulcan-XC72® carbon black (Cabot Corp.) in a mass
ratio 8:1:1 respectively, and suspended in N-methyl pyrrolidone (= 99%, Sigma-Aldrich). The
LMO ink was prepared by mixing LiMn,0O4, PVDF and carbon Vulcan® in a mass ratio

8 :1 :1 respectively, and suspended in NMP.

The ring electrode was covered with an ink prepared with Li,Mn,04/LiMn,0,4, which was
synthesized by mixing LiMn,0, and Lil in a 2:1 molar ratio and heating at 100 °C under
rough vacuum for 36 hours, with periodical grinding. The resulting equimolar mixture

of Li;Mn,04 / LiMn,04 was then added to PVDF and carbon Vulcan® in a 8 :1 :1 mass



ratio, respectively. The mixture was finally suspended in NMP and stirred overnight to
form the ink.
The amount of lithium manganese oxides deposited can be estimated in 10-15 pg.cm™

from a similar deposition of the slurry onto a Au coated quartz crystal microbalance.

The ring electrode LiMn,04/Li,Mn,0,4 with two oxide phases in contact with lithium ions
in the electrolyte has only one degree of freedom, the lithium concentration in the
electrolyte. The system has been used as a reference electrode in non aquoues electrolytes
[17]. The electrode potential with respect to a lithium independent reference electrode is
a measure of the lithium ion activity in the electrolyte. After preparation the electrode
was equilibrated with a 0.1 M solution of lithium ions for 24 hours before use.

Since the electrode potential reflects the activity of lithium ions in the electrolyte, a
calibration curve was determined for each electrolyte.

In the absence of changes in lithium concentration the Au ring electrode covered by
LiMn,04/Li,Mn,0,4 shows a stable electrode potential. When the Au ring electrode was
covered with the composite LiMn,04/Li,Mn,0,4 /carbon and equilibrated with LiCl
solution, fast changes of the electrode potential operate upon changes in the lithium ion
activity with a rise time less than 5 seconds.

The ring electrode was connected to a high impedance (> 10'2 Q) differential voltage
follower based on IC LMC6064 to measure the electrode potential with respect to the
reference electrode. The output of this differential amplifier was connected to the external
signal input of the Autolab potentiostat. An earthed coaxial connector to both electrode

leads was connected to the Autolab earth terminal.



RESULTS AND DISCUSSION

The Li;Mn,04/LiMn,0, system in contact with a lithium ion electrolyte (3 phases, two
components) has only one degree of freedom and therefore for a given lithium
concentration there is a unique value of electrode potential. The response of the
Li;Mn,0,4/LiMn,0,4 covered Au ring electrode in different aqueous LiCl solutions is
shown in Figure 1.

FIGURE 1 HERE

A linear response of the ring potential vs. the log [Li*] has been observed with a slope 50-

60 mV according to the reaction:
: .+ .
LiMn,0, + Li * + e—Li,Mn,0, (7
The potentiometric measurement at the ring electrode is based on a calibration curve:

E=E+Slog[Li"] )

surf
with S close to -60 mV per ten fold Li* concentration at low concentration and -40 mV
slope at high oncentration. Similar calibration curves were obtained in organic solvents
containing lithium salts.

a) Oxygen Reduction on Au in 80 mM LiPF¢ in DMSO

We first consider the measurement of lithium ion flux during the reduction of oxygen in
dilute LiPF¢in DMSO electrolyte. Figure 2A shows the cyclic voltammetry of a rotating
Au disc electrode with an Au ring coated with Li,Mn,04/LiMn,0, in 1 atm O, saturated
80 mM LiPF¢ in DMSO electrolyte at 9 Hz.

FIGURE 2 HERE

A characteristic feature of this reaction in lithium containing electrolyte is the cathodic

current maximum which has been ascribed to the formation of a solid deposit of Li,O,



blocking the electrode.[18] RRDE studies in amperometric mode have shown that DMSO
stabilizes O, ion in the first electron transfer step to oxygen.[16, 19, 20] The ring potential
minimum, Eg, indicates that the flux of soluble Li" ions increases the larger the ORR
overpotential and then decreases due to surface passivation, due to  either
disproportionation or a two electron transfer to O, from the electrode, according to the

accepted mechanism:[21]

.+ .
0,+Li" +e-[0,Li] 9)
lo,Li] + [0,Li]-Li,0,l + 0,  (10)
l0,Li] + Li" + e—>Li,0,1 (11)
Two different mechanisms for the ORR in Li*-containing non aqueous solvents have
recently been proposed [21, 22], depending on the growth of Li,O, at the cathode surface:
a surface reaction or a solution-phase reaction. In the surface mechanism, two adsorbed
LiO, molecules can disproportionate at the electrode surface or undergo two sequential

one-electron transfer steps. It is worth noting that reactions (7) and (9) consume lithium

ions while soluble superoxide can react with lithium ions, to further dismutate by reaction
(10):

0, +Li —>0,Li (12)

Figure 2 depicts the ring electrode potential, Eg, simultaneous to the ORR disc current,

Ip, response. Er measures the surface concentration of lithium ion [Li*]s,s which can

be calculated with eqn. (8) and (13):

.+

4 [Li
AE=E-E =slog .
[Li"]

surf

(13)

A sharp drop of the lithium ion concentration can be observed at the onset of ORR
close to 3 V, therefore there is convective-diffusion flux of lithium ions towards the Au

disc electrode while O, reduction takes place as expected from the previous mechanisms.
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The potentiometric lithium ring electrode response is fast, i.e. with a rise time of less
than 5 seconds, therefore the slow recovery of the Eg and thus the surface lithium ion
concentration should be ascribed to slow processes at the disc electrode and not to the
potentiometric ring response. Complete depletion of lithium ions at the surface occurs
before the cathodic ORR maximum is attained, thus the flux of Li* limits the rate of ORR
and therefore the cathodic current at the disk.

An interesting feature in Fig. 2 is that while the Au disc is completely passivated and the
current drops to zero, in the back sweep the lithium surface concentration recovers very
slowly. Thus, a flux of lithium ions is still observed while there is no supply of electrons
at the disk electrode. We interpret this result by soluble surface superoxide accumulated
in the solution adjacent to the Au cathode and continue to react with lithium to deposit
Li,0, according to reactions (10) and (8), which is consistent with our previous report on
LiO, dismutation.[6] This interesting result can be obtained with the unique capability of
the potentiometric RRDE to assess the surface concentration of lithium ions.

b) Intercalation of lithium ions in LiMn,0y in aqueous solutions

A second example of the RRDE potentiometric technique is the intercalation/de-
intercalation of Li" in the spinel LiMn,0,4 from aqueous LiCl solutions. Figure 3 depicts
a typical cyclic voltammetry at low scan rate (2 mV.s™") of LiMn,04/Au disc electrode in
contact with 0.1 M LiCl at 9 Hz and the simultaneous potentiometric response of the ring
electrode, Eg.

It should be noticed that in this experiment a thin porous layer of LiMn,0, on the Au disc
non flat surface presents problems to strictly apply the theory of the RDE as has been
discussed elsewhere. [23-25] . However, we are not interested to extract electrode kinetics
but to show how a lithium flux at the disc electrode can be followed by the potentiometric

RRDE.



The current potential curve in Figure 3 exhibits two sets of anodic, Al and A2, and two
cathodic peaks, C1 and C2 in the potential range between 0.2 and 1.2 V as has been
reported elsewhere [5, 6] which have been ascribed to a two-step delitiation-litiation
insertion process between LiMn,0,4 and A-MnO,[26, 27]. These peaks correspond to the
Li-ion insertion/extraction due to the simultaneous redox change in the Mn!"/Mn!V in the
spinel host structure. We have restricted the potential window in order to keep the lithium
stoichiometry within the 0 <x < 1.

In Figures 3 the intercalation-deintercalation of lithium ions in the LiMn,0, deposited at
the disc electrode depends on the initial state of charge (SOC). Notice that the initial curve
(start) is different to the following curve and that a steady state is approached. However,
the potentiomentric measurement shows that the surface lithium concentration evolves
much slowly but follows the same trend.

FIGURE 3 HERE

It should be noticed that the potentiometric ring response follows the current-potential
voltammetric curve. During oxidation of Mn!"! and release of lithium ions in solution the
increase of Ep, is indicative of a larger surface Li* concentration than in the bulk solution,
and conversely during reducion of Mn'V and insertion of lithium from the aqueous
electrolyte a decrease of Ep is observed. Eqn. 6 shows that a difference in lithium ion
concentration between the surface and bulk solution results form a net flux of Li* ions at
the Li;xMn,O,4 / electrolyte interface. Notice that the potentiometric ring response to
surface Li* ions also detects the presence of the two ion exchange transitions in the A-
MnO,/Li; Mn,0O4 system within 0 < x < 1. The transition between the two Mn!'/ Mn!Y
redox systems occurs at Liy sMn,0O4 composition and corresponds to half-filled tetrahedral

8a sites in the spinel structure [9] available for lithium insertion into A-MnO,. There are
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two sets of non-equivalent 8a sites which can be occupied in Li,Mn,O4 (with x < 1)
respectively by four lithium ions each leading to two peaks in the cyclic voltammetry.

A quantitative analysis can be done with repetitive oxidation-reduction current pulses as
depicted in Figure 4.

FIGURE 4 HERE

While the Li; ,Mn,O4/Au disc potential evolves as expected during £20 pA (£ 0.1
mA.cm?) constant current pulses [5, 6], the potentiometric Eg response to surface lithium
concentration follows similar symmetric pulses with respect to the unperturbed LMO
system and returns to this rest potential value at zero disc current.

The variation A[Li * ], in the disc surface Li* concentration can be calculated with eqn.
(8). The bulk lithium ion analytical concentration is [Li*]* = 0.1 M; when we apply a
constant current to the disc electrode a flux of lithium ions should result and thus the
surface concentration [Li*]s,r will be different from the bulk concentration and the ring
electrode potential will detect the change.

For £ 6 mV shift in Eg as seen in Fig. 4, we calculate with eqn. (13), [Li"]=0.126 M and
0.079 M respectively for the oxidation and the reduction currents. The concentration

gradient is then,

AlLiT] = [LiT] e Li*], (14)

and results 0.026 and -0.021 M respectively.

While the Li;(Mn,04/Au disc potential evolves as expected during £20 pA (£ 0.1
mA.cm?) constant current pulses [5, 6], the potentiometric Eg response to surface lithium
concentration follows similar symmetric pulses with respect to the unperturbed LMO

system and returns to this rest potential value at zero disc current.
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The variation A[Li * ], in the disc surface Li* concentration can be calculated with (8).

The bulk lithium ion analytical concentration is [Li*]"= 0.1 M; when we apply a constant
current to the disc electrode a flux of lithium ions should result and thus the surface
concentration [Li*]g,r will be different from the bulk concentration and the ring electrode
potential will detect the change.

An interesting new evidence has been obtained with the potentiomentric RRDE
measurement of lithium ion fluxes during insertion-deintercalation of lithium ions at the
LiMn204/aqueous lithium electrolyte interface at extreme anodic and cathodic potentials.
During a deep oxidation (de-litiation) at a constant current 200 pA the disc electrode
potential exceeds 1.1 V and the potentiometric ring electrode potential exhibits a fast
growth above the constant value expected for the applied current which indicates that the
Li" ion surface concentration increases dramatically over the flux imposed by the applied
constant current (Figure 5). The dashed line indicates the end of the current step and the
open circuit decay of Eg shows the slow equilibration of the solid oxide with the liquid
lithium ion electrolyte.

The flux of lithium ions larger than expected for a constant 200 wA constant current
results from a massive decomposition of the electrode material as verified by oxygen
evolution measured by differential electrochemical mass spectrometry (DEMS)
experiments under similar conditions.[28]

FIGURE 5 HERE

Conversely, during reduction of Li,Mn,QOy,, the potential drops below 0.2 V and an abrupt
decrease of Eg takes place which is indicative of a massive lithium flux probably due to
dismutation of Mn(III) into Mn(IV) and soluble Mn(III) with release of lithium from the

oxide (Figure 6).
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In Figures 5 and 6 we observe at low charge a constant ring electrode potential and an
evolution of the disc electrode potential during intercalation and de-intercalation of Li*
ions within the stability of Li; ,Mn,O4 (0 < x < 1). Therefore, the flux of Li* ions in the
electrolyte exactly matches the flux of electrons in the solid oxide. However, when the
LMO electrode potential exceeds above 1.2 V or below 0.4 V at the same constant current
+200 pA, potential runaway in the positive and negative directions and Eg shows that the
flux of lithium ions in both anodic and cathodic processes exceeds the flux of electrons
at constant current.

FIGURE 6 HERE

We speculate that at extreme potentials the LMO is massively de-lithiated upon oxidation,
and massively lithiated during reduction. It is well known that Jahn-Teller effect results
in phase transition of LiMn,04 to Li;Mn,04 with dismutation of Mn'"! into Mn!Y and
soluble Mn'!.

At open circuit the ring potential evolves towards a decrease in surface lithium
concentration as shown by the simultaneous ring potential drop towards the initial values

as the Li* ion fluxes drop to zero.
CONCLUSIONS

We have demonstrated the potentiometric measurement of lithium ion fluxes using a
LiMn,04/Li,Mn,0, electrode reversible to lithium ions, both in non aqueous solution
during O, reduction reaction and in aqueous solution during intercalation-deintercalation
of Li" in the spinel oxide.

While the flux of lithium matches the flux of electrons and molecular oxygen, at extreme
potentials anodic and cathodic instability of the Li-Mn spinel oxide yields flux of lithium

ions which is larger than the applied current due to oxide massive decomposition.
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FIGURE CAPTIONS

Figure 1.

Potentiometric calibration curve with a Li,Mn,0,/ LiMn,0O,4 Au ring electrode for ip = 0
in LiCl aqueous solution vs. Ag/AgCl; 3M KCIl.

Figure 2:

O, reduction polarization curve on an Au disc electrode in 1 atm O, saturated 80 mM
LiPF¢ in anhydrous DMSO at W = 9 Hz and simultaneous potentiometric ring potential,
Egr, Sweep rate 0.1 V.s'l. Reference electrode: LiMn,O4/ Li;Mn,O4 in 1 M LiPFg in
DMSO.

Figure 3.

Cyclic voltammetry of LiMn,04/Au disc electrode of RRDE in 0.1 M LiNO; aqueous
solution at 9 Hz, 2 mV.s! (lower panel) and simultaneous potentiometric ring response
Er (vs. Ag/AgCl; 3M KCI) to lithium ion concentration on the surface (upper panel).
Reference electrode: .Ag/AgCl; 3M KCl

Figure 4:

Disk and ring potential response to £ 20 pA. current pulses at the LiuMn,04/Au disc
electrode of a RRDE at 9 Hz in 0.1 M aqueous LiCl. Reference electrode: Ag/AgCl; 3M
KCL

Figure 5:

LiMn,0, disk potential and E responses to a 200 pA anodic current pulse and relaxation
at open circuit potential in 0.1 M aqueous LiNOj; solution. Reference Electrode: Ag/AgCl;
3M KCl

Figure 6. LiMn,0, disk potential and Eg responses to a -200 pA cathodic current pulse
and relaxation at open circuit potential in 0.1 M aqueous LiNOj; solution. Reference

Electrode: Ag/AgCl; 3M KCIl.
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Figure 1

ERr vs. Ag/AgCl; 3M KCI/ V
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Figure 2
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Figure 3

ER vs. Ag/AgCl; 3M KCI / V
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Figure 5
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Figure 6
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ACCEPTED MANUSCRIPT

Graphical Abstract
Potentiometric detection of lithium ions with a rotating ring disc electrode (RRDE), allow

direct measurement lithium ion fluxes simultaneously to electron fluxes.
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