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ABSTRACT: Kinetic and thermodynamic (formal potential) data relating to the synthetically useful Li/Liþ couple in
tetrahydrofuran (THF) solvent at a range of temperatures (196–295 K) are reported. Formal potentials, E0

f have been
measured versus the standard reference electrode, Fc 4 mMð Þ=FcþPF�

6 4 mMÞð Þ in THF. At 295 K the following data
have been obtained using a mathematical model to simulate the electro-deposition (metal deposition and growth
kinetics) processes of lithium (Li) on a platinum microelectrode; a E0

f of �3.48� 0.005 V, dE0
f =dT ¼�9.2

(�0.5)� 10�4 V K�1, the standard electrochemical rate constant, k0¼ 1 (� 0.1)� 10�4 cm s�1, transfer coefficient,
a¼ 0.57� 0.03 and diffusion coefficient, D¼ 8.7� 0.1� 10�6 cm2 s�1. Copyright # 2007 John Wiley & Sons, Ltd.
þ
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INTRODUCTION

Lithium (Li) as a reducing agent in organic synthesis is
well known,1 and its applications diverse. For example, Li
metal has been used in the reductive opening of hetero-
cycles,2 reaction with benzil3 and vinylsilanes,4 reductive
coupling of carbonyl compounds5,6 and in the synthesis
and reduction of certain spiro-compounds.7 Recent
interest into alkali-metal/arene-based reductions in
aprotic media are also becoming popular.1,2,8–16 Further,
many cyclic voltammetry (CV) studies in aprotic solvents
have shown the tendency of organic radical anions, and
dianions, to undergo ion-pairing phenomena17–19 and
significant differences in the shifting of radical anion
reduction peaks have been observed in the CV responses
of quinones upon changing the cation of the supporting
electrolyte, namely R4Nþ ðR ¼ alkylÞ or Liþ.20–24 Li
ion-pairing effects on the electrochemical behaviour of
quinonemethides,25,26 which constitute key intermediates
in natural lignan biosynthesis (electrochemical biomi-
metic syntheses), have been reported.27 More recently,
the Liþ cation was highlighted has having an ‘overriding
importance’ for the ‘orientation’ of the oxidative coupling
of 4-hydroxycinnamate derivatives by intercalation.28
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From a technological view-point, the development of
Li ion batteries and industrial reactors29 with good
performance, safety, stability and reliability has also been
an active area of research for the past 3 decades.30–35

Many of the Li ion batteries employ an aprotic medium
containing a Li salt stemming from the early work by
Koch and co-workers.36–45 However, there is often
uncertainty as to the stability of the media to Li metal,
the kinetics and thermodynamics of the Li/Liþ couple, the
role of water and other impurities in the electrolyte and
the identity and role of surface films on the Li metal.46–51

Although many attempts have been made to use modern
electrochemical techniques to gain a more fundamental
knowledge of the Li/Liþ couple, the data are often
distorted particularly in resistive solvents,52 and hence,
our present knowledge of the Li/Liþ couple is rather less
than its practical applications.

In this paper we describe and present simulations of the
electro deposition of bulk Li on a platinum micro-
disc-surface from a solution containing Liþ salts enabling
both kinetic and thermodynamic (formal potential,E0

f ) for
the Li/Liþ couple in tetrahydrofuran (THF) to be deter-
mined. In addition, the Li/Liþ couple has been investi-
gated over a range of temperatures: 295–196 K.53–56 In
particular, E0

f was measured versus the standard reference
electrode, Fc=Fc

þ
PF�

6 in THF. Previous work has been
published by Fawcett co-workers,57 Wiesener et al.58 and
Pletcher and co-workers59–62 who used copper micro-
electrodes and based electrochemical measurements
J. Phys. Org. Chem. 2007; 20: 677–684
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against the Li/Liþ couple only, and in ethereal solvents.
So far, however, no simulations or model has been
presented to describe the electro-deposition mechanism
displayed by Li/Liþ in aprotic solvents. The thermodyn-
amic reduction potential, E0

f of Li can be compared to that
of various organic compounds in a common solvent
system allowing a preliminary assessment of the reduc-
tion capabilities of the metal. Owing to the huge number
of applications of the Li/Liþ couple, from modern energy
advances to biomimetic syntheses, further insight into the
kinetics and thermodynamics is of importance and the
purpose underpinning this paper.
EXPERIMENTAL

Reagents

Lithium hexafluoroarsenate (LiAsF6) (V) (98%),
(Aldrich); tetra-n-butylammonium perchlorate, (Fluka),
were used as received without any further purification.
Anhydrous THF was purified by filtration through two
columns of activated alumina (grade DD-2) as supplied
by Alcoa, employing the method of Grubbs co-workers.63
Cyclic voltammetry (CV)

Voltammetric measurements were carried out on an
Autolab PGSTAT 20 (Eco-Chemie, Utrecht, Netherlands)
potentiostat. A three-electrode arrangement was used in
an airtight, three-necked electrochemical cell. The cell
with solid electrolyte was dried in vacuo overnight before
solvent addition and electrochemical experiments. The
working electrodes used were a platinum microdisc elec-
trode (ESA Biosciences, US, radius: 5.0mm), a platinum
macrodisc electrode housed in TeflonTM (area,A¼ 0.0104cm2)
and a large area, shiny platinum wire (Goodfellow
Cambridge Ltd, Cambridge, UK) was employed as the
counter electrode. The working electrodes were carefully
polished before use on a clean polishing pad (Kemet, UK)
using 3 and 1mm diamond spray (Kemet, UK). Each
working electrode was then rinsed in de-ionised and
doubly filtered water of resistivity no greater than
18 MV cm, taken from an Elgastat filter system (Vivendi,
Bucks, UK) and carefully dried prior to use. A Fc/FcþPF�

6

(both in equimolar concentration; 4 mM) reference
electrode was developed for use in THF and at low
temperatures and has been described previously.64 The
temperature was monitored and controlled by an external
system (Julabo FT902, JULABO Labortechnik GmbH,
D-77960 Seelbach/Germany) accurately (�1 K). Typi-
cally the solutions were degassed vigorously for 5 min
using impurity-free argon (BOC gases, Guildford, Surrey,
UK) to remove any trace oxygen and an inert atmosphere
was maintained throughout all analyses. All solutions
were prepared under an atmosphere of argon using
Copyright # 2007 John Wiley & Sons, Ltd.
oven-dried glassware such as syringes and needles used
for the transfer of moisture sensitive reagents. All
voltammetric measurements were performed inside a
Faraday cage in order to minimise any background noise.
THEORY

Mathematical model

We consider the deposition and stripping of Li under CV
conditions from a microdisc electrode of radius, rd. It
is assumed that the rate of dissolution of Li from
the surface is independent of the amount present on the
surface whereas the rate of deposition is dependent on the
solution concentration. The electrode reaction of interest
is assumed to follow a one-electron transfer mechanism
and display Butler–Volmer kinetics:65,66

LiþðsolÞ þ e� Ð
kf

kb
LiðsÞ (1)

where the Liþ ions are in solution and Li is a solid on the
electrode surface. The local position dependent coverage
of Li on the microdisc, GLi, is initially zero across
the whole disc. The height of any deposit formed will
be ignored and as such the microdisc will always be
approximately modelled as a flat disc.67 kf and kb are the
forward and backward rate constants defined by:

kf ¼ k0 exp
�aF

RT
ðE � E0

f Þ
� �

; (2)

kb ¼ k0 Liþ½ �0exp
ð1 � aÞF

RT
ðE � E0

f Þ
� �

(3)

where k0 is the surface process rate constant for the Liþ/Li
couple with units of cm s�1, a is the transfer coefficient
and E0

f is the formal potential. [Liþ]0 is the standard
concentration equal to 1� 10�3 mol cm�3 and is included
to reflect the different standard states of Li and Liþ. R is
the ideal gas constant (8.314 J K�1 mol�1), F is Faraday’s
constant (96 485 C mol�1) and T is the absolute tempera-
ture in K.

The mass transport in solution of Liþ to and from the
electrode surface is given by the following partial
differential equation (Fick’s first law):66

@½Liþ�
@t

¼ D
@2½Liþ�
@r2

þ 1

r

@½Liþ�
@r

þ @2½Liþ�
@z2

� �
(4)

using the cylindrical coordinate system shown in Fig. 1
and where D is the diffusion coefficient of Liþ. Due to the
cylindrical symmetry only the plane highlighted needs to
be simulated. The change in the local position dependent
surface coverage, GLi, with time is described by the
following equation:

@GLi

@t
¼ kf ½Liþ�surf � kb (5)
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Figure 1. The coordinate system of the microdisc used in
mathematical model. The plane to be simulated highlighted

Figure 2. Reduction of lithium ions (LiAsF6, 8.14mM) in
tetrahydrofuran (THF) at a platinum microdisc electrode
(radius: 5.0mm), 295K and with tetra-n-butylammonium
perchlorate (TBAP, 0.1M) as the supporting electrolyte. Scan
rate: 10mV s�1; start scan: 0 V, first reverse: �4V versus
Fc=FcþPF�6

KINETICS AND THERMODYNAMICS OF THE LI/LIþ COUPLE 679
The value of G is not permitted to go below zero and so
kb is set equal to zero once GLi ¼ 0 is reached. If
dGLi < �kbdt for any time step, dt, in the simulation, then
the value kb is adjusted so that kbdt ¼ �dGLidt.

Before the electrochemical experiment is started, we
assume that the only Li present is in the form of Liþ ions
in the solution phase (bulk solution). Therefore, the initial
conditions (t¼ 0) for the species taking part in the
reaction are:

½Liþ� ¼ ½Li�bulk for 0 � r � 1 and 0 � z � 1
GLi ¼ 0 for 0 � r � rd and z ¼ 0

(6)

The shape of the cell implies a bulk concentration
of Liþ at the semi-infinite boundaries and non-flux
boundary conditions on the symmetry axis and on the
inert material surrounding the microdisc. The following
equations represent these boundary conditions for t> 0:

½Liþ� ¼ ½Li�bulk for 0 � r � 1 and z ¼ 1
½Liþ� ¼ ½Li�bulk for r ¼ 1 and 0 � z � 1
@½Liþ�
@r

¼ 0 for r ¼ 0 and 0 � z � 1
@½Liþ�
@r

¼ 0 for rd � r � 1 and z ¼ 0

(7)

At the disc surface (0� r� rd, z¼ 0) we have the
following condition:

D
@ Liþ½ �
@z

¼ @GLi

@t

¼ kf Liþ½ �z¼0�kb for r ¼ 0 and 0 � z � 1 (8)

Due to these conditions the current can be calculated
using the following equation:

I ¼ �2pF

Zrd

0

@GLi

@t
r dr (9)
Copyright # 2007 John Wiley & Sons, Ltd.
Numerical simulation and convergence

A fully implicit finite difference scheme68 combined with
Newton’s method and accompanied by an extended
version of the Thomas algorithm69,70 was used to solve
the system of partial differential equations. The simula-
tion space was covered with a grid that expands exponen-
tially from the singularity (the electrode/inert material
boundary) and the electrode surface.71 The spatial and
temporal convergence of the simulation program were
tested to ensure a convergence error of less than 1% when
compared with ‘over’ converged simulations. The pro-
gram was written for Matlab 7.3.0 (R2006b) and executed
on a PC with Pentium 4 3.40 GHz processor and 2 GB of
RAM. The fitting of the simulation and experimental data
were optimised by minimising the value of the mean scale
difference (MSD) given by Eqn 10.

MSD ¼
X
n

ðInexperimental � InsimulationÞ
Insimulation

����
���� (10)

where n is the number of data points.
RESULTS AND DISCUSSION

CV of lithium ions in THF at Pt micro- and
macro-electrodes at various temperatures

Figure 2 shows a cyclic voltammogram run at 10 mV s�1

using a platinum microdisc electrode (radius: 5.0mm) in
THF (0.1 M TBAP)þLiAsF6 (8.14 mM) recorded
between 0 and �4 V versus Fc=FcþPF�

6 . The temperature
was maintained at 295 K� 1 K. On the forward sweep,
the current remains at baseline levels until a potential of
ca �3.8 V versus Fc=FcþPF�

6 where the reduction of Li
J. Phys. Org. Chem. 2007; 20: 677–684
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Figure 3. Reduction of lithium ions (LiAsF6, 8.14mM) in
tetrahydrofuran (THF) at a platinum microdisc electrode
(radius: 5.0mm) with tetra-n-butylammonium perchlorate
(TBAP, 0.1M) as the supporting electrolyte. The temperature
was varied: (a) 295K, (b) 273K, (c) 263K, (d) 253K and (e)
243K. Scan rate: 10mV s�1; start scan: 0 V, first reverse: >
�4V versus Fc=FcþPF�6
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ions begins. The current value rises rapidly and continues
until a current plateau is reached. In Fig. 2, it can be
observed that the reduction of Li ions appears diffusion-
controlled, highlighted by the current plateau at ca �4 V
versus Fc=FcþPF�

6 . Determination of the diffusion
coefficient, D, using Eqn 11, using the limiting current,
Ilim, yielded the value, (1� 0.02)� 10�5 cm2 s�1 at
295 K.

Ilim ¼ 4nFDrc (11)

In Eqn 11,66 n is the number of electrons transferred, F
is the Faraday’s constant (96 485 C mol�1), c is the con-
centration of electroactive species and r is the electrode
radius. Upon reversing the electrode potential, i.e.
oxidative scanning, a ‘nucleation loop’72 is first observed
before the ‘stripping peak’.62 This loop is good evidence
that the cathodic current is due to Li deposition; this is
confirmed by the shape of the anodic (stripping) peak on
the reverse scan, clearly that for the stripping of a surface
layer. Table 1 provides data showing clearly that the
charge involved in reduction of the Li ions is also similar
in magnitude to the charge ‘stripped’ during oxidation or
deposition. Other features of the deposition are the low
background and charging currents on the forward scan
and the sharp current drop following the oxidative current
peak, iOx

p .
Next, a range of experiments were performed in THF at

low temperatures. By varying the temperature, the
influence on kinetics could be studied. The temperature
was varied between 295 and 196 K. The results are shown
in Figs 3 and 4. It is clear that temperature has a very
strong influence on the formal potential,E0

f , the rate of
mass transport and the kinetics of the Li/Liþ couple as
observed by the current-potential curves on the reverse
scans. As the temperature was decreased, the potential at
which the reduction wave was observed shifted to more
negative values versus Fc=FcþPF�

6 . Additionally, the
stripping peak shifted to less negative potentials versus
Fc=FcþPF�

6 . Figure 4 highlights the lower temperature
electro-deposition data. To gain thermodynamic and
kinetic data from these data, the mathematical model
Table 1. Charge (Q) injected in Coulombs for reduction/
oxidation at various temperatures

Temperature/K

Charge, (Qred)
injected for
reduction/Ca

Charge, (Qox)
injected for
oxidation/Ca

295 4.9� 10�7 5.1� 10�7

273 4.5� 10�7 4.4� 10�7

263 3.3� 10�7 3.5� 10�7

253 1.5� 10�7 1.6� 10�7

233 2.2� 10�8 2.0� 10�8

223 1.3� 10�8 1.6� 10�8

196 3.9� 10�9 3.8� 10�9

a Charge injected determined from analysis of the area under the peak for
reduction and oxidation.

Copyright # 2007 John Wiley & Sons, Ltd.
described earlier in the paper was used to extract the
information. The data are discussed in the next section.

A platinum macroelectrode was next used to observe
the difference, if any, in the CV curves for the Li
deposition. Using a larger disc electrode radius (area,
A¼ 0.0104 cm2), the diffusion profile towards the elec-
trode surface changes from a convergent one (microdisc
electrode) to a planar regime.65,66 The results of three
scans at using different voltage scan rates are shown in
Fig. 5. Immediately apparent from these curves is a
‘pre-peak’ before deposition peak potential, Ep¼�3.2 V
versus Fc/FcþPF�

6 . Determining the area under each peak
(subtracting the background current and considering the
Figure 4. Reduction of lithium ions (LiAsF6, 8.14mM) in
tetrahydrofuran (THF) at a platinum microdisc electrode
(radius: 5.0mm) with tetra-n-butylammonium perchlorate
(TBAP, 0.1M) as the supporting electrolyte. The temperature
was varied: (a) 233K, (b) 223K, (c) 213K and (d) 196K. Scan
rate: 10mV s�1; start scan: 0 V, first reverse: > �4V versus
Fc=FcþPF�6

J. Phys. Org. Chem. 2007; 20: 677–684
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Figure 5. Reduction of lithium ions (LiAsF6, 6.7mM) in
tetrahydrofuran (THF) at a platinum macrodisc electrode
(area, A¼ 0.0104 cm2) with tetra-n-butylammonium per-
chlorate (TBAP, 0.1M) as the supporting electrolyte at
295K. The scan rate was varied: (a) 10; (b) 50 and (c)
100mV s�1. Start scan: �2V, first reverse: > �4V versus
Fc=FcþPF�6
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scan rate), the charge, Q, was calculated. The data are
shown in Table 2.

Using the charge obtained for a scan rate of
200 mV s�1, the number of moles per area was calculated
to be: 7.0� 10�9 mol cm�2, and the area per mole
occupied by Li is 2.6� 10�9 mol cm2. These data suggest
that this peak is due to under-potential deposition (upd) of
a Li monolayer on platinum. This also accounts for the
‘post-peak’ (Ep¼�3.2 V versus Fc/FcþPF�

6 ) observed in
the microdisc electrode anodic scans where a small
post-peak was seen following a larger stripping peak. The
fact that bulk Li is deposited on top of upd encourages the
belief in the validity of the approximation that kf and kb

are constant for all bulk Li deposits at a given potential.
Simulation of Li deposition on platinum
microdisc electrodes: variable temperature
analysis for the determination of both
thermodynamic (formal potential, E0

f ) and
kinetic (rate constant, k0) data

While the pre-deposition and post-stripping peaks can be
attributed to the formation of a monolayer of Li on the
Table 2. Charge under peak in Coulombs determined at
various scan rates at room temperature

Scan rate, v/mV s�1 Charge, Q/C

10 2.7� 10�5

50 1.2� 10�5

100 1.8� 10�5

200 0.7� 10�5

250 0.7� 10�5

Copyright # 2007 John Wiley & Sons, Ltd.
platinum electrode the main reduction wave and stripping
peak can be attributed to the deposition and stripping of
bulk Li on Li. At 295 K an approximate calculation
suggests that there are in the region of 2500 layers of Li on
the electrode surface before the main stripping peak,
although due to the radial nature of the diffusion profile to
microdisc electrodes, the deposition of Li over the
electrode surface will not be uniform. This confirms that
the ‘thick layer’ model described above is appropriate.
This model assumes that the deposition on the disc can be
treated as having an infinitely small height and that the
solution concentration of Liþ reached near the electrode
surface is well below the saturation limit. The validity of
the assumptions in this model will be discussed later.
Analysis of the formation of the upd monolayer of Li on
the platinum microelectrode will be the subject of future
investigation.

Figure 6 shows the formal potential, E0
f , values

(versusFc=FcþPF�
6 ) extracted from the experimental data

shown in Fig. 2 against temperature, T. The E0
f values

were extracted using the simulation method detailed in
‘Theory’ section and were optimised using a MSD
method reported in ‘Numerical Simulation and Conver-
gence’ section. The thermodynamic reduction potential of
Li can be compared to that of various organic compounds
in a common solvent system allowing a preliminary
assessment of the reduction capabilities of the metal.
Knowing the temperature dependence of E0

f allows the
calculation of E0

f at a chosen reaction temperature. From
Fig. 6 it can be seen that dE0

f =dT equals �9.2 (�
0.5)� 10�4 V K�1. From this the change in entropy for
the half cell reaction Liþ þ e� ¼ Li relative to the
Fc þ PF�

6 ¼ FcþPF�
6 þ e� couple can be calculated from

Eqn 12 as �89� 5 J mol�1 K�1.

DS0 ¼ F
dE0

f

dT
(12)

Figure 7 shows an example of the fitting of the
experimental and simulation data. Table 3 shows the best
Figure 6. A plot of formal potential, E0f , versus tempera-
ture, T. From the line of best fit, dE0f =dT ¼�9.2�
10�4 VK�1 (R¼0.944)

J. Phys. Org. Chem. 2007; 20: 677–684
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Figure 7. The fitting of simulation and experimental data at
295K

Figure 8. A plot of ln(k0) versus 1/T. From the line of best fit,
dðlnðk0ÞÞ=dð1=TÞ¼�9640.5 K (R¼0.958)
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fit values for the parameters of interest. In all cases
a¼ 0.57� 0.03. a is the transfer coefficient, a measure of
the ‘symmetry’ of the reaction pathway curves.66

Figure 8 shows the optimised k0 values that correspond
to the experimental data in Fig. 2. This is displayed as a
plot of ln(k0) against 1/T. The linear nature of this trend
corresponds to that expected from Arrhenius behaviour.

lnðkÞ ¼ lnðAÞ � Ea

RT
(13)

This suggests an activation energy of �80�
15 kJ mol�1 and a pre-exponential factor of 3.4
(�2)� 1010 cm s�1.

As can be seen from Fig. 7, the simulation fits the Li
deposition and the early part of the stripping peak. The
maximum of the latter is difficult to reproduce with the
present model. This is due to a variety of reasons related
to the complexity of the system under investigation and
the assumptions and limitations of the model. The latter
assumes that the nature of the diffusion to the microdisc is
unaffected by the height of any deposits of Li on the
electrode. Due to radial diffusion the current density at the
edge of the microdisc is higher than that in the centre of
the electrode. This results in an ‘edge effect’73 where the
metal deposits in a ring around the edge of the electrode
faster than it is deposited in the centre. This creates a
Table 3. Electochemical parameters determined from simulation

Temperature
T/K

Diffusion
coefficient,

D/cm2 s�1� 0.1� 10�6

295 8.7� 10�6

273 7.6� 10�6

263 6.0� 10�6

253 5.0� 10�6

243 4.0� 10�6

Copyright # 2007 John Wiley & Sons, Ltd.
‘wall’ around the electrode which will affect the diffusion
of Liþ to the centre. The height and associated surface
area of this edge deposit will also change the rate at which
Li deposits and strips from around the edge of the
electrode.

It is also possible that the saturation limit of Liþ in THF
may also reduce the rate at which Li can be stripped off
the electrode. At 295 K the simulation calculates the
concentration of Liþ near the electrode surface to reaches
0.065 M. It is not expected that the saturation limit will
have a major effect of this voltammetry in this case as Li
perchlorate is known to have a high solubility in polar,
aprotic solvent such as THF. Solutions up to 0.8 M LiClO4

in THF have been made.74

In the case of Li deposition on a platinum microdisc,
the process involved is more complicated than a simple
heterogeneous one-electron transfer. The Li has to
nucleate and deposit on the platinum electrode before
Li can be deposited on itself. The nature of the film/
electro deposit has been previously studied (AFM and
STM analyses)50 in a range of media and using a number
of different electrode substrates.46–49,51 These investi-
gations have suggested that the nature of the electrode
surface, i.e. surface defects,48 the solvent/supporting
electrolyte51 and the initial electro deposits of Li, i.e. upd
films will affect the resulting morphology of the
s at various temperatures

Rate constant,
k0/cm s�1

Formal
potential,

E0
f /V versus Fc/FcþPF�

6

1.0� 10�4 �3.480
5.0� 10�5 �3.472
4.0� 10�6 �3.460
1.4� 10�6 �3.451
1.0� 10�7 �3.430

J. Phys. Org. Chem. 2007; 20: 677–684
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multilayer structure. In the stripping peak there will be a
mixture of Li stripping off Li and off the platinum
electrode. Therefore, the use of a simple rate constant, to
cover this type of behaviour is clearly approximate.

At low temperatures (below 233 K) the model is not
valid as only very small amounts of Li are deposited on
the electrode and the voltammetry is dominated because
the nucleation processes.
CONCLUSIONS

The kinetic and thermodynamic data presented in this
paper provide a basis for the understanding of the use of
the Li/Liþ couple in synthetic chemistry and electro-
chemistry.
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