Energy &
Environmental
Science

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Energy & Royal Society of Chemistry peer review process and has been
Environmental accepted for publication.
Science Accepted Manuscripts are published online shortly after

acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

&;ﬁm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/ees


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 6 Energy & Environmental Science

Voltage

Theoretical Experimental

U

Key thermodynamic and kinetic issues of the Li-O2 battery are studied by GITT technique for the first time.
54x36mm (600 x 600 DPI)



Energy & Environmental Science

Journal Name

RSC

Equilibrium Voltage and Overpotential Variation of
Nonaqueous Li-O, Batteries Using Galvanostatic
Intermittent Titration Technique

Cite this: DOI: 10.1039/x0xx00000x

Received 00th January 2012,
Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

www.rsc.org/

The Li-air (or Li-O,) battery offers great potential for
achieving much higher specific gravimetric energy density than
start-of-the-art Li-ion batteries. It has become the focus in field of
scientific research especially in the past several years.® By
virtue of material design of the air cathodes, introduction of
redox mediator, optimization of operation protocols, and adding
the soluble catalyst in the electrolyte, many reports showed that
the Li-O, batteries could run for hundred or even thousand cycles
with delivering considerably great specific capacities.”® In spite
of rapid progress on improving cyclic performance and reducing
voltage polarization, many issues on thermodynamics and
kinetics in nonaqueous Li-O, batteries are still not very clear.

The forward discharging reaction and backward charging reaction

of lithium and oxygen in air cathode can be written as the following:
2Li* +2e + Oz <> Li202 (l)
According to the formation energies of the reactants and products at
25°C under ambient condition, the thermodynamic equilibrium
voltage (emf) for the reaction (1) in aprotic electrolyte is 2.959 V vs
Li*/Li.*" Based on the surface enhanced Raman spectroscopy and
differential  electrochemical ~mass  spectroscopy  (DEMS)
investigations,’® it is suggested that LiO, exists as an intermediate
phase and then disproportionates to Li,O,, as described by equation
(2) and (3):

Li*+e + 0, <> LiO, 2

2L|02 <> Li202 + 02 (3)

The emf value for reaction (2) is 3.0 V.2 The single electron
reaction path (2) during discharging was argued by a combination
experimental of cyclic voltammetry and DEMS. %,

During charging, the Li,O, is oxidized directly in a one-step
reaction without passing the decomposition of LiO,.*’ Kang et al
agreed that the direct decomposition of Li,O, is a thermodynamic
equilibrium reaction path, but the formation of a series of off-
stoichiometric Li,_,O, compounds will be favourable for decreasing
the overpotential 2* Above arguments could be clarified by showing
open circuit voltage (OCV) profiles. However, experimentally,
thermodynamic equilibrium voltages of Li-O, batteries during
discharging and charging have rarely been measured.

High overpotential of discharging (oxygen reduction reaction:
ORR) and charging (oxygen evolution reaction: OER), is actually
the most challengeable problem for Li-O, batteries, leading to a low
round-trip

This journal is © The Royal Society of Chemistry 2012
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Broader context

The Li-air (or Li-O,) battery has attracted wide attention since it has
the highest theoretical specific gravimetric energy density. In spite of
rapid progress on improving cyclic performance and reducing voltage
polarization, many key issues on thermodynamics and kinetics in
nonaqueous Li-O, batteries are still not very clear. In this report, by
using the galvanostatic intermittent titration technique, several novel
phenomena are observed, such as zero voltage gap for the open circuit
voltage (OCV) between charging and discharging, asymmetrical
polarization behaviours at different current densities and temperature,
continuous increase of overpotential during charging, negative
temperature coefficient of the cell’s thermodynamic equilibrium voltage.
These results could inspire other researchers to comprehensively
investigate the complicated reaction mechanism, thermodynamic and
kinetic properties of the Li-air battery as well as other advanced
batteries.

electrical energy efficiency, typically less than 70%.% In the best
case,’® the difference in charge and discharge voltage is
approximately 0.50-0.75 V. It leads to an electrical energy efficiency
of ~75-85%, which is below the value of 90% required by practical
applications.” Whether this voltage gap can be ultimately removed or
decreased significantly needs deep understanding of its
thermodynamic and kinetic features.

Taking into account the electrochemical reactions occurred at the
cathode, there should be many factors affecting the cathode reaction
rates as well as the overpotentials, at least including Li* and O,
transfer at the gas/electrolyte and electrolyte/cathode interfaces, Li*,
e and O% transport in the lattice of Li,O,, nucleation, growth and
decomposition of Li,O,, and other chemical reactions related to the
electrolyte. All these factors contribute to the discharge or charge
overpotentials, which can be experimentally determined according to
the equation:

N = Uneas — Ueq 4
where Ug is the equilibrium voltage and Uy, is the experimentally
measured voltage for discharge or charge at certain current density.
Nevertheless, so far there are few reports on investigation of the U,
and 7.2

The galvanostatic intermittent titration technique (GITT), which
combines transient and steady-state measurements, is a widely used
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tool to determine the Uy and 7 values.? In this work, we carry out
study on the OCV and overpotential issues of Li-O, batteries with
intentionally selected N-methyl-N-propylpiperidinium
bis(trifluoromethansulfony)imide (PP13TFSI) as the electrolyte
solvent. Taking advantage of relatively good chemical and
electrochemical stability of this electrolyte at elevated temperature,
the values of U, discharge overpotential (77gis = Ugis - Ueq) and
charge overpotential (77, = Ugn - Ug) measured with different
current densities as well as at different temperatures are determined.
Mechanism underlying the electrochemical reactions during cell
operations is discussed accordingly.
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Fig. 1. (a) GITT curves plotted with the voltage as a function of
specific capacity. The continuous cycle curve is given for
comparison. (b) The overpotential values as a function of capacity.
The batteries were measured at 60°C and the fixed current density of
0.3 mA cm with the relaxation time of 6 h.

GITT measurements of the Swagelok-type Li-O, batteries with
PP13TFSI:LiCIO, as the electrolytes and vertical-aligned carbon
nanotubes (VACNTS) as the cathodes were carried out. Fig. la
shows the GITT curves for the battery voltage as a function of
specific capacity measured at 60°C and the fixed current density of
0.3 mA cm? during galvanostatic discharge/charge with the
relaxation time of 6h. Correspondingly, Fig. 1b shows 7;s as well as
1en @s a function of capacity (Q). From the figures, four points are
worthwhile noting.

First of all, the discharge capacity under the GITT condition is
nearly a factor of two larger than that for the continuous
galvanostatic discharge (Fig. 1a). Scanning electron microscopy
(SEM) measurement reveals that the Li,O, grows like the abacus
balls around the carbon nanotubes at the current density of 0.3 mA
cm? under either GITT or continuous condition (Fig. S1).
Nevertheless, the particles in the GITT case are smaller in size (~100
nm) while larger in density than those in the continuous
galvanostatic discharge case. The increased density of Li,O,
particles indicates that the GITT condition promotes usage of the
carbon-nanotube surfaces, leading to the increased discharge
capacity. This phenomenon has also been noticed by Zhu et al.”® In
their results, discharging with 120 minutes interval at current density
of 0.25 mA cm? can increase the capacity to 1250 mAh g*
compared to 750 mAh g™ for continuous galvanostatic discharge.

Second of all, in the process of discharge (Fig. 1a), nearly all the
OCVs reach the same U, of 2.85 V after 6 h relaxation. Actually, as
shown by GITT curves in Fig. S2, the OCVs during the whole
process reach the same value of 2.85 V after 24h relaxation. The
equilibrium voltage of an electrochemical reaction is determined by
the formation energy difference of the reactants and products, as
shown in Nernst Equation (5):%

ArG = Z AfGi(products) - Z AfGi(reactants)
= (Z AfI'Ii(pruducts) - Z AfI'Ii(reactants))
-T (Z Afsi(products) - Z AfSi(reactants))
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= —nU.F (5)
where n refers to the number of the charge transferred during the
reaction per mole reactant, F is the Faraday constant, AH is the
enthalpy and A4S is the entropy of the reaction. Ue, varies with
temperature, determined by the reaction entropy. A linear
relationship between Ug, and temperature is measured (Fig. S3). 4,S
of the measured Li-O, battery is -62.6 (-3.25x10™ nF, with n = 2)
J-mol*.K?. This negative value is consistent with theoretical
expectation. As can be derived from Eq. (5),
Ueg =
[-(AHy;,0, — 20Hy; — AHy,) + T(ASy4,0, — 2AS; — AS,,)|/nF
. According to the reference?’, the standard entropy values for Li,O,
(solid), Li (solid) and O, (gas) are 56.5, 29.1, and 205.1 J-mol™-K %,
respectively, leading to a negative value of AS which equals to -
206.8 J-mol™t-Kt. Therefore, the Ueq decreases with the increase of
the temperature.

According to the results shown in Fig. S3, the simulated U, at
25°C is 2.861 V. It is interesting to notice that this value is 0.098 V
smaller than the theoretical value 2.959 V of the reaction (1). X-ray
diffraction (XRD) scans reveal that Li,O, is the only detectable
crystalline product in both discharge and charge processes (Fig. S4).
Under standard condition, the emf of the reaction (1) should be
constant and this value is 2.959 V if the formation energy value from
the bulk Li,O, and lithium, and the oxygen partial pressure of 1 atm
are taken. In real situation, the formed Li,O, could include two parts,
the defective Li,O, nanoparticle and solvated Li,O, in solvents. The
solubility of Li,O, in the current electrolyte is not clear. It should be
a low value. If the Li,O, is saturated soon after discharging, then
variation of the concentration of Li,O, could be negligible. The
observed emf value is constant in the most of discharge and charge
range, indicating that the solubility of Li,O, should be very small
and the concentration of solvated Li,O, in solvents does not change
immediately after the discharging. Currently, it is not clear
quantitatively whether the solvated Li,O, in solvents is one of the
reasons that change the emf value from 2.959 V to 2.85 V. Previous
reports indicate that the Li,O, crystals with various orientations and
different surface energies might be formed.?? It is known that the
variation of the surface energy during discharge and charge may
influence emf for conversion reaction.?’ The theoretical emf of 2.959
V is calculated based on thermodynamic data of the homogenous
bulk Li,O,. Therefore, it is not difficult to understand why the emf in
experiment is smaller concerning the specific orientations of Li,O,
crystals formed during cell operation as well as the existence of
small amount of solvated Li,O, in the solvents. Actually, OCV of
2.85 V has also been reported in a Li-O, battery using LiTFSI-DME
electrolyte at room temperature by Viswanathan et al.?? It is
reasonable that the real emf value for each Li-O, battery could
deviate from the ideal value of 2.959 V due to the above two
possibilities.

Third of all, Fig. 1a shows a zero OCV hysteresis between the
equilibrium voltage of discharge and charge. At the first glance, this
is surprised since the reaction paths have been regarded as
asymmetry in previous paper'®. Our results reveal that the product at
equilibrium state during discharge and charge is dominated by
crystalline Li,O, and unstable intermediate phases formed during the
reaction of Li and O, do not exist at equilibrium states. This result
also means that the voltage gap during galvanostatic discharge and
charge or cyclic voltammogram is only originated from kinetics, not
from the asymmetrical thermodynamic reaction path, which is
different from the conversion reactions such as in MnO anodes and
FeF, cathode. %

Fourth of all, since Ug is determined unambiguously, the
overpotential during discharge and charge can be calculated from the
GITT results. From the beginning to the specific capacity of ~1000

This journal is © The Royal Society of Chemistry 2012
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mAh g as shown in Fig. 1a, the discharge overpotential does not
increase too much and as the capacity increases further up to the end
of discharge, the overpotential increases exponentially as shown in
Fig. 1b. This relationship is consistent with a diffusion controlled
process. It is naturally to presume that the size enlargement of Li,O,
particles as indicated by the SEM results (Fig. S1) leads to increase
of the transport resistance of Li* and O%. Upon charging, 77, shows
also exponentially increase rule as a function of Q as shown in Fig.
1b. This indicates that the mass transport during charging also play
key role in the rate determining step. The detailed decomposition
process of Li,O,at atomic level is still not clear. It has been reported
that Li,O, will decompose either at the contact site with the carbon
nanotube® or at the edge site of Li,O, based on in situ SEM and
TEM investigations.®? In each case, it is no doubt that the particle
size of Li,0O, is decreased gradually during charge. Therefore, it is
not reasonable that the diffusion resistance of Li* and O% in Li,O,
particles will increase during charge. The electronic contact of Li,O,
particles with electrical conducting medium will become worse
gradually with charging, however, that will lead to an Ohmic rule.
Therefore, the exponential increase of the overpotential during
charge should be caused by other factor related to the mass transport.
It has been known that side products such as carbonate species
(mostly Li,CO3) at the electrolyte/Li,O, interfaces will be formed
during charge.™** It is therefore to suggest that the coverage and
formation of the side products on Li,O, could be the reason for the
diffusion controlled behaviour as shown in Fig. 1b.

As shown in Fig. 1a, the OCVs during charge reach the same
value (Ugq ~2.85 V) when the charge voltage being smaller than 4.0
V. Above 4.0 V, the OCVs cannot return 2.85 V after 6h relaxation
but it can also reach the equilibrium value of ~2.85 V after 24 hours
relaxation (Fig. S2). Our previous study revealed that most Li,O,
particles could be decomposed as the charge voltage is above 4.0
V.2 Above this value, carbonate species become detectable owing
to the side reactions.2*® This result implies further that formation of
side products leads to a longer relaxation period for the battery to get
equilibrium.
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Fig. 2. GITT curves measured at 60°C and the fixed current density
of 0.1 mA cm with the relaxation time of 6 h (a) and that of 12 h
(b).

Fig. 2a shows the GITT curve measured at 0.1 mA cm with the
same relaxation time (i.e. 6h) as that shown in Fig. 1a. Clearly, with
the relaxation time of 6h, the equilibrium voltages for discharge and
charge cannot reach the same value. Fig. 2b shows the GITT curve
measured at 0.1 mA cm™ with the prolonged relaxation time (i.e. 12
h) in contrast to Fig. 2a. It can be seen that in the case of 0.1 mA cm’
% the Ugq can also be relaxed to 2.85 V by prolongation of relaxation
time. It is known that different current density leads to the Li-O
products with different morphology as well as crystallinity,* which
is also confirmed by the SEM results as shown in Fig. S5. This may
lead to different relaxation kinetics in processes of Li,O, growth and
decomposition. The fact that the U, is not significantly dependent
on the current density after the sufficient relaxation is further
supported by investigations of GITT curves measured at other

This journal is © The Royal Society of Chemistry 2012

current densities, as shown in Fig. S6. These results clearly indicate
that the Li,O, crystals with the same surface energy can be
eventually formed meanwhile with the approximately same values of
Ueg.
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Fig. 3. (a) Current density (j) versus constant discharge overpotential
(ngis) and (b) current density (j) versus 7.5 at the charge capacities
of 20 mAh g, 100 mAh g, 200 mAh g™, and 300 mAh g* (The
data are derived from the GITT curves measured at 60°C). The dash
curves in 3(a) are simulated curves.

As Ugq is known accurately from the GITT curves measured at the
different current densities, the values of discharge and charge
overpotentials and relationship between overpotential and applied
current density can be obtained accordingly. Fig. 3a shows the
dependence of 7g;s on the current density j. It can be seen that the
results obey the linear Ohmic law when the current density is less
than 0.1 mA cm This is consistent with the fact that the transport
of electrons in the electrode and ions in the electrolyte control the
reactions. Then an exponential relationship can be seen when the
current density is above 0.1 mA cm™. This is in agreement with a
typical diffusion-limited charge-transfer polarization behaviour.
Both behaviours can be simulated well, as shown in Fig. 3a. At high
current density, it is reasonable to believe that the diffusion of
oxygen will become the rate determining step. It is interesting to find
that the transition from Ohmic polarization to the diffusion limited
charge transfer polarization at the current density of 0.1 mA cm™
seems a first-order transition in our battery. The reason behind that is
not clear. It might be related to the variation of the particle size or
morphology when the current density changes as discussed above.
This needs further clarification.

As shown in Fig. 1 and Fig. 2, the overpotential increases
continuously upon charging. The analysis of 7, cannot be done
similarly to that of 7. Therefore, the overpotential values at certain
charging depth but different current densities are compared and
drawn in Fig. 3b. It is worth noting that the 7, decreases with
increasing j in the measured current density range. In the case of the
small charge capacity (e.g. 20 mAh g™) the decreasing amplitude is
much larger than that in the case of large charge capacity (e.g. 200 or
300 mAh g™). This abnormal relationship means that the status of
the cathode occur a significant variation during charge. Since the
overpotential for charging shows a diffusion controlled behavior, it
is plausible that the morphology and particle size of Li,O, and side
product are influenced by the current density.**3*

Normally, the overpotential should increase when the current
density increases. Two issues should be mentioned here. Firstly, in
the case of Li-O, batteries, as shown in our GITT results as well as
other galvanostatisitic experimental, the overpotential increases
during charging although Li,O, decompose gradually. As explained
above, formation of another high resistive species accompanies with
the decomposition of Li,O,, leading to increase of the overpotential
during charging. In addition, we notice that the overpotentials for the
GITT measurements at the smaller current densities are higher than
that measured at the larger current densities. It is reasonable that the
morphology of Li,O, is influenced by the current densities. At the
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larger current density as shown in Fig. S5, the particle size of Li,0O,
is smaller. Due to the particle size effect of Li,O, and the formation
of high resistive unidentified species (most properly Li,COs), the
overpotential shows abnormal behaviours, as shown in Fig.3b.
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Fig. 4. GITT curves measured at 120°C and the fixed current density
of 0.3 mA cm™ with the relaxation time of 6 h.

Table 1. Equilibrium voltage (Ug), discharge overpotential (7is),
charge overpotential (i7,) at 100 mAh g™ for the batteries measured
at 0.3 mA cm for different temperatures (T).

T(°C) Ueq (V) ais (V) 7en (V) t 100 mAh g~
60 2.850 0.390 0.320
80 2.842 0.218 0.309
100 2.835 0.142 0.255
120 2.830 0.100 0.170

Temperature is another factor to influence the thermodynamic and
kinetic properties. GITT measurements at different temperatures
including 60°C, 80°C, 100°C and 120°C were carried out with the
same current density of 0.3 mA cm™ and the same relaxation time of
6h. The GITT curves for 60°C and 120°C are shown in Fig. 1a and
Fig. 4, respectively. Those for two other temperatures are shown in
Fig. S7. On basis of these curves, the values of Ugq, 74is, 77cn (100

mAh g?) are calculated and summarized in Table 1. As shown in Fig.

S3 clearly, this battery shows a negative temperature coefficient of -
62.6 J-mol™*.K™.

The elevated temperature greatly decreases the overpotentials for
both discharge and charge. At 120°C, the 7gis and 7¢, (100 mAh g™
are 0.10 V and 0.17 V, respectively, compared to 0.39 V and 0.32 V
at 60°C. This result indicates that the increase of temperature is an
effective means to reduce the battery overpotentials.

According to Ref. [22], the current density as a function of the
overpotential for discharge or charge can be written as

. . * AGE aen

j o< —[Li*]0;exp (— ks;) exp (kTT) (6)
where [Li*] and 0; are the reactant at or near the surface, AGiis the
kinetic barrier to the limiting reaction at the equilibrium potential, a
is the symmetry factor, and e is the charge on the electron. Based on
the data listed in Table 1, the AGE/a values for discharge and charge
can be estimated to be 1.99 and 1.15 eV, respectively. If assuming «
~ 0.5, this yields a barrier of ~1.0 eV for discharge and ~0.58 eV for
charge at 100 mAh g™.

As shown in Fig. 4, a semi-plateau of charge voltage appears
around 4.0 V. In comparison to Fig. 1, it seems that the temperature
increase from 60°C to 120°C makes this plateau behaviour more
obvious. As discussed above, this region corresponds to the side-
product reaction, which is enhanced by the elevated temperature.
This information is consistent with that reported for MPP-TFSI-

4| J. Name., 2012, 00, 1-3
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based cells,® the details of which will be presented in the
forthcoming paper.

Conclusions

GITT measurements have been carried out on the Li-O,
batteries at different current densities as well as different
temperatures. Several conclusions can be drawn:

1) OCV of Li-O, battery at 60°C is 2.850 V in the observed
cell;

2) The Li-O, battery shows a negative temperature coefficient
0f-62.6 (-3.25x10™*nF, with n = 2) J-mol™*-K™, accordingly,
the emf of Li-O, battery at 25°C should be 2.861 V;

3) The thermodynamic equilibrium voltage gap between
charging and discharging is zero;

4) Overpotential increases exponentially during discharging
under constant current density and the relationship between
overpotential and current density obeys the linear Ohmic
law when the current density is smaller than 0.1 mA cm?
and the exponential relationship when the current density is
above 0.1 mA cm™,

5) During charging at the fixed -current density (i.e.
galvanostatic charging), the size effect of Li,O, and the
formation of high resistive unidentified species (most
probably Li,CO3) might be responsible for the anomalous
relationship between the overpotential and the current
density.

6) Elevating temperature from 60°C to 120°C can decrease the
voltage gap from 0.71 V to 0.27 V.

Overall, a number of issues related to the thermodynamic and

kinetic behaviours as aforementioned have been raised by the

GITT technique here. For more and deeper understanding,

investigations based on the GITT in combination with other

techniques such as electrochemical impedance spectroscopy

(EIS), potentiostatic intermittent titration technique (PITT) and

in situ X-ray absorption spectroscopy (XAS) are underway in

our lab.
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