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The oxygen reduction reaction (ORR) inDMSOcontaining LiPF6 has been studiedwith the electrochemical quartz
crystal microbalance (EQCM) during galvanostatic cathodic and anodic pulses, chronoamperometry and cyclic
voltammetry experiments. We disclose here for the first time gravimetric evidence with the EQCM of the
different mechanistic models that apply to the ORR in LiPF6/DMSO electrolyte: (i) Surface electrochemical/
chemical deposition of Li2O2(s) and (ii) solution phase disproportion of LiO2(soln) yields large Li2O2 particles.
The mass per electron detected with the EQCM depends on the respective current rates and thus on the
mechanisms, i.e. 23 g/F for the formation of Li2O2 thin film at high current density and much larger values for
low current density due to solvent co-deposition and further degradation.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The rechargeable lithium-air battery exhibits a very large theoretical
energy density that can compete with fossil fuels for electric vehicle ap-
plications with extended millage range [1–5]. In the non-aqueous Li-air
battery introduced by Abrahamand Jiang [6], during discharge a lithium
metal anode dissolves in non-aqueous electrolyte and the resulting Li+

ions react with oxygen reduction products to form insoluble lithium
peroxide Li2O2 at a porous carbon cathode as shown unambiguously
by Laoire et.al. using XRD [7]. The first report of the unique O2 reduction
reaction (ORR) chemistry in lithium ion containing DMSOwas reported
by Laoire et.al. [8]. Bruce et.al. [9] confirmed that the electrochemical re-
action of Li+ with oxygen to yield insoluble Li2O2 in non-aqueous elec-
trolyte is reversible. Bruce [10] further claimed that the Li-air battery in
DMSO [8,11,12], with a very large dipolar moment (μ = 4,3 D), can be
recharged with 95% capacity retention in 100 cycles using DMSO elec-
trolyte and porous gold electrode. There is a controversy on the stability
of DMSO in the presence of oxygen reduction reaction (ORR) products
[13] in particular when the electrode area to electrolyte volume is
high [14]. Furthermore, solid LiPF6 has been observed to react with
solid Li2O2 by XPS [15].

Two different models have been proposed for the ORR in lithium
containing non-aqueous solvents [16–19]: (a) a surface reaction mech-
anism leading to thin Li2O2 films, and (b) a solution phase mechanism
via disproportion of soluble lithium superoxide with formation of
large Li2O2 particles.
The surface mechanism is favored at high current densities and low
donor number solvent thin film growth with passivation of the active
cathode:

O2 þ Liþ þ e→ O2Li½ �surf ð1Þ

O2Li½ �surf þ O2Li½ �surf→Li2O2↓ þ O2 ð2Þ

O2Li½ �surf þ Liþ þ e→Li2O2↓: ð3Þ

While the solution phase mechanisms prevails at low current
density and high donor number solvents:

O2 þ Liþ þ e→ O2Li½ �soln ð4Þ

2 O2Li½ �soln→Li2O2↓ particleð Þ þ O2: ð5Þ

The morphology of the main discharge product of ORR in lithium
containing non-aqueous electrolyte strongly depends on the solvent
and current density which define the possible surface and solution
phase mechanisms [20]. In the first case Li2O2 thin film passivates the
electrode active surface while the solution mechanism involves diffu-
sion of soluble LiO2 and disproportion with precipitation of Li2O2 into
discs or toroid particles [21].

Bothmechanisms predict that themass of Li2O2 per mol of electrons
(mpe) expected from reaction (2) or reaction (4) is 23 g per mol-e,
while mpe for reaction (1) is 39 and for reaction (3) is 7 g per mol-e
[14,22]. Jie and Uosaki [22] have recently reported electrochemical
quartz crystal microbalance (EQCM), studies of O2 reduction in LiPF6-
DMSO electrolyte deposition on a gold electrode. These authors re-
ported the mpe calculated from the slope of a mass-to-charge plot of
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37 g/mol-e in a very limited potential window, suggesting deposition of
lithium superoxide. Aurbach et.al. [14,23] reported on similar EQCM
studies with an mpe of 22 g/mol-e in the limited voltage interval of
2.7 to 2.3 V and larger values that correspond to DMSO decomposition
products of larger molar mass.

Rotating ring disc electrode (RRDE) study has not detected soluble
superoxide ion in 0.1 M LiPF6/acetonitrile [12]. However, at very low
LiClO4 concentrations, c.a. 10 μM, traces of soluble O2

− have been detect-
ed downstreamat the ring electrode of a RRDE system [24]. Soluble LiO2

has also been detected at the ring electrode in acetonitrile 0.1 M lithium
electrolyte with small amounts of DMSO added [12]; with the O2

−

oxidation ring current exhibiting a maximum due competing reac-
tions (4) and (5) [12,24,25]. Furthermore, re-oxidation of O2

− can be de-
tected in fast cyclic voltammetrywith limited cathodic excursion so that
further reduction or disproportion of superoxide is avoided [26]. The
preferential solvation of Li+ by DMSO molecules is also reflected in
the lower electrode potential of Li/Li+ in DMSO with respect to low
donor number acetonitrile by 0.5 V [27]. In a recent communication of
rotating ring disc electrode (RRDE) and electrochemical quartz crystal
microbalance (EQCM) study of ORR in LiPF6/DMSO under a burst of sol-
uble lithium superoxide oxidationmeasured by the ring current at short
times has been described in coincidence with a time lag in themass up-
take by the EQCM [28]. This has been interpreted as a result of soluble
superoxide concentration build up at the cathode surface followed by
disproportion in solution.

In the present study we have carried out careful EQCM experiments
during theORR onAuelectrodes in LiPF6 andDMSO electrolytes in order
to determine theweight gained due to the formation of an insoluble de-
posit [14] which passivates the electrode surface [12].

2. Experimental

2.1. Chemicals

Anhydrous dimethyl sulfoxide (DMSO), ≥99.9%, anhydrous acetoni-
trile ≥99.8%, LiPF6 battery grade, ≥99.99% were obtained from SIGMA-
ALDRICH and stored in the argon-filledMBRAUN glove boxwith the ox-
ygen content of ≤0.1 ppm and water content below 2 ppm. Acetonitrile
and DMSO were dried for several days over molecular sieves, 3 Å
(SIGMA-ALDRICH). All solutions were prepared inside the glove box
and the water content was measured using the Karl Fisher 831 KF Cou-
lometer (Metrohm) with typically 30 ppm of water at the beginning of
the experiment. After few hours of experimentation even with precau-
tions the lithium salt in DMSO absorbswater from the ambient and Karl
Fischer measurements resulted in a content of water as high as
2000–3000. Since long termexperiments in lithiumelectrolyte accumu-
latedwater from the ambient, short term experiments with freshly pre-
pared solutions and short exposure to dry air were preferred.

The electrochemical cell was built all in Teflon® and the 10 MHz
quartz crystal (Intl. Crystal Manufacturer, Oklahoma) were coated
with 0.2 cm2 gold discs (with 200 nm Au on titanium adhesion layer),
placed at the bottom and filled with the electrolyte. Dupont™ Kalrez
perfluoro elastomeric AS568 o-rings were used in acetonitrile and
DMSO solutions. A non-aqueous reference electrode made with a Pt
wire coated with equimolar LiMn2O4/LiMn2O4 [29] in the same electro-
lyte was used in a fritted glass compartment. The electrode potential of
3.25 V vs. Li/Li+ (3.2 mm diameter Li wire, 99.9% trace metals basis
SIGMA-ALDRICH, in the Ar filled glove box, in contact with 0.1 LiPF6 in
DMSO) was measured, and all potentials herein are referred to the Li/
Li+ scale. A 1 cm2 platinum gauze (Johnson Matthey) was employed
as counter electrode.

Crystal admittance spectra in the vicinity of the fundamental reso-
nant frequency, fo, were acquired using a Hewlett Packard HP E5100A
network analyzer connected to the quartz crystal in the Teflon electro-
chemical cell through 50 Ω coaxial matched cables (HP10502A) via a
HP 41900A Π-Network test fixture with rigid brass connectors to the
crystal. The HP E5100A network analyzer was interfaced to a computer
via Agilent 82357B USB/GPIB interface and the electrochemical cell was
controlled with a grounded working electrode by means of an opera-
tional amplifier potentiostat/galvanostat with special software devel-
oped in the laboratory using Labview 10.0 (National Instruments). The
high frequency circuit connecting the grounded working electrode
was isolated by means of a series 4.7 nF capacitor, the electrochemical
current was measured at the auxiliary electrode and both current and
potential signals were acquired by 2 Agilent 34410 61/2 digit multi-
meters by USB interfaces. The network analyzer was calibrated prior
to each measurement by 3-term calibration: open, close and 50 Ω. The
acoustic admittance spectra of the Au covered quartz crystal were re-
corded at 1.5 s intervals simultaneous to current and potential signals
for oxygen reduction reaction (ORR).

2.2. Theory of EQCM

In order to analyze the thickness shear mode resonator (TSM) load-
ed with a Li2O2 deposit and immersed in the liquid DMSO electrolyte,
we used the lumped element model (LEM) of the modified Buterworth
van Dyke (BVD) circuit [30] for which the surface mechanical imped-
ance ZLEM is given by the following [30,31]:

Z LEMð Þ ¼ ϕq ZS=Zq
� �

4K2ωCo
1−

j ZS=Zq
� �

2 tan ϕq=2
� �

2
4

3
5
−1

ð6Þ

where K2 is the quartz electromechanical coupling coefficient, ϕ is the
complex acoustic wave phase shift across the quartz, Co is the static ca-
pacitance of the resonator, ω = 2πf with f the excitation frequency,
where Zq is the quartz characteristic impedance Zq = √(ρqμq), ρq is the
quartz density (2651 kg m−3) and μq the quartz stiffness
(2.947 ∙ 1010 N∙m−2), ZS is the surface mechanical impedance due to
the surface ORR insoluble products and viscous DMSO liquid in contact
with it while Zq for AT cut quartz crystal is 8.849 ∙ 106 kg m−2 s−1. Near
resonance ω ≅ ωo where ωo = 2πfo, with fo the series resonance fre-
quency and N the harmonic resonance [32]. If jZS j�

Zq
≪2 � tanðϕq

�
2Þ the

ZLEM can be approximated by the following [33]:

ZLEM≅
Nπ

4K2ωSCO

ZS
Zq

� �
¼ RS þ jXLS ð7Þ

where RS and XLS are the real and imaginary parts of the lumped
element impedance ZLEM.

The validity of the LEM equivalent circuit to within 1% of the Trans-
mission LineModel [30] is fulfilled for the ratio of the surfacefilm and/or
liquid impedance (ZS) to the quartz crystal impedance (ZQ) ZS/ZQ b

0.005, i.e. since Zq ~ 535,000Ω this holds for ZS ≤ 2675Ω. This condition
is fulfilled in the present work.

If a non-piezoelectric layer is attached to the crystal and covered by
a viscous liquidmuch thicker than the acousticwave penetration (semi-
infinite liquid), the surface impedance ZS is given by the following [34]:

ZS ¼ Z�f tanh kfdfð Þ þ Z�l

1þ Z�l
Z�f

tanh kfdfð Þ

2
664

3
775 ð8Þ

where the subscript “f” denotes the viscoelastic film under-layer and “l”
the liquid over layer respectively. The characteristic film and liquid im-
pedances are respectively Zf⁎ and Zl⁎; and kf the film complexwave prop-
agation constant kf= jω(ρf / Gf)1/2. And, thus the ZS of a viscoelastic film
on a quartz crystal immersed in liquid depends on the liquid density (ρl)
and viscosity (ηl) and the film thickness (df), density (ρf) and shear
(storage G′f and loss G″f moduli with the complex shear modulus is
G = G′ + jG″ and the characteristic film impedance is Zf⁎ = √(Gf ρf)).
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Therefore Eqs. (7) and (8) show that both Rf and XL grow with the
viscoelastic film mass and thickness increase. On the other hand,
the characteristic mechanical impedance of the Newtonian liquid is
as follows:

Z�1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ1η1ω j

q
¼ 1þ jð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ1η1ω

2

r
ð9Þ

and thus Rl = XLl for a Newtonian viscous liquid on the bare quartz
crystal. For DMSO ρ = 1.104 g∙cm−3 η = 1.196 cm2∙s−1 so the elec-
trical impedance of the quartz crystal immersed in the viscous DMSO
liquid is ZL⁎ = 326 Ω. For the 0.1 M LiPF6/DMSO electrolyte solution
with the 10 MHz quartz crystal mounted with the o-ring we find ex-
perimentally 460 Ω.

The electrical complex admittance of the BVD equivalent electri-
cal circuit of Fig. 1 is as follows:

Y ωð Þ ¼ G ωð Þ þ jB ωð Þ ð10Þ

where the real part G(ω) is the conductance and the imaginary part
B(ω) the susceptance of the quartz crystal admittance is given in
terms of the BVD [35]:

G ¼ R

R2 þ ωL− 1
ωC

� �2 and B ¼ ωCo−
ωL−

1
ωC

� �

R2 þ ωL− 1
ωC

� �2 : ð11Þ

With j= √−1 andωo=2πfo defines de series resonant frequency of
the quartz crystalwith amaximumconductanceG(ωo)max=1 / R at the
resonant frequency. The conductance G and susceptance B of the piezo-
electric quartz crystal resonatorweremeasuredwithHP5100A network
analyzer in transmissionmode as a function of frequency around the se-
ries resonance frequency (ωS = 2πfs) at which the motional resistance
is cero. Simultaneous fits of the admittance spectra to G(ω) and B(ω) for
the modified LEM BVD equivalent circuit equations using Levemberg–
Marquardt routine written in Labview 10.0 environment were per-
formed to obtain values of ωL and R.

The resistance, R, represents all the losses of energy of the shear
wave penetrating the liquid and surface film as well as losses in the o-
ring support. Typical values of Rq = 40 Ω (including o-ring and crystal
fitting), Lq = 8.5 mH, Cq= 30 fF, and C0 = 1 pF for 10 MHz crystals in
air with ωL (total) ~ 535,000 Ω were obtained and experimentally
verified.

For low crystal load by the surface deposit (ZL ≪ ZQ) a lumped
element circuit can be approximated and the shift in the quartz
impedance due to the ORR products deposit can be written as
follows:

ΔZ ¼ ΔR þ jΔ ωLð Þ ð12Þ

where ΔR andΔ(ωL) are the real and imaginary parts of the impedance
shift with respect to the initial quartz crystal condition before the
Fig. 1. BVD electrical equivalent circuit Co(LCR) for the quartz crystal resonator.
beginning of the ORR process. The Saurbrey equation relates the
resonant frequency shift with the areal mass of deposit [36]:

Δf ¼ −
2f20

� �
√ ρQμQ
� � :Δm

A
: ð13Þ

Δf is the measured frequency shift, Δm the mass loading, A the pie-
zoelectrically active area, the quartz density (ρQ = 2.648 g∙cm−3) and
the shear modulus of AT-cut quartz (μQ = 2.947 × 1011 dyn cm−2).
The sensitivity factor increases at high resonant frequency of the reso-
nator which corresponds to a thinner quartz crystal; for example a
10 MHz AT-cut quartz crystal 0.017 cm thick has a nominal sensitivity
of 0.226 Hz cm2∙ng−1.

For acoustically thin films (R→ 0), the equivalent of Eq. (13) is as fol-
lows:

Δ ωLð Þ ¼ ΔXL ¼ −
πZQΔ f

fo
¼ 2πZQΔm

√ ρQμQ
� �

A
¼ 4:6� 10−8 Δm

A
ð14Þ

with the conversion factor 4.6 × 10−8 g∙cm−2 Ω−1 calibrated by elec-
trodepositing copper on Au and the deposited mass calculated from
the number of moles deposited with the Faraday law of electrolysis
and the molar mass.

3. Results and discussion

During the oxygen reduction reaction (ORR) on Au in LiPF6/DMSO
solution, acoustic admittance spectra were recorded at 1.5 s intervals.
Fig. 2. Conductance (G) and susceptance (B) vs. frequency plots for a 10 MHz Au covered
quartz crystal in contact with O2 saturated 0.1 M LiPF6/DMSO at different times after
application of cathodic and anodic 50 μA∙cm−2 current pulses.

Image of Fig. 1
Image of Fig. 2
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Fig. 2 exhibits the quartz crystal admittance plots, G(ω) and B(ω)
around the resonant fundamental resonant frequency of an AT-cut
10 MHz quartz crystal covered with Au electrodes on both sides and
immersed on one side in 0.1 M LIPF6/DMSO liquid electrolyte. The
time evolution of G and B vs. frequency plots after application of a
−50 μA∙cm−2 current pulse for 335 s followed by an anodic
50 μA∙cm−2 current pulse during 120 s is displayed in Fig. 2. Progressive
damping (energy loss) of the admittance curves, shift to lower frequen-
cies and the increase in the full width at half maximum (FWHM) during
the O2 cathodic reduction is due to the formation of an insoluble Li2O2

deposit on the surface. For several current densities a different time evo-
lution of the admittance-frequency curves has been observed and the
maximum conductance (1/R) decreases as the oxygen reduction pro-
ceeds but then increases during the oxidation cycle. Simultaneous
non-linear fit of experimental G and B vs. frequency curves to Eq. (11)
with C = 30 fF and Co = 1 pF determined for the bare quartz crystal
in air, yields values of L and R at different times.

Fig. 3A shows the Au electrode potential evolution while the
± 50 μA∙cm−2 current pulses are applied: During the ORR the electrode
potential evolves rapidly to 2.45 V. For the anodic current a very large
over potential was needed and the Au electrode potential reached
4.03 V. The simultaneous recording of Δ(ωL) and ΔR shows an increase
of these imaginary and real components of the quartz crystal imped-
ance in contact with the liquid non-aqueous electrolyte with respect
to their initial values previous to the application of the current pulses
(Fig. 3B).

The change in real and imaginary components of the surface quartz
impedance Δ(ωL) and ΔR depend on the mass per unit area of deposit,
its thickness and the viscoelastic properties of the deposited crystal
load, as well as surface roughness because some solvents is entrapped
and also from friction of the protruding surface deposit and the solvent
Fig. 3. A. Current pulses (±50 μA∙cm−2) and simultaneous electrode potential evolution.
B. Time evolution of Δ(ωL) and ΔR recorded simultaneously to the current pulses.
[33]. Homogeneous thin films result in low motional R while thick and
rough deposits yield large R values.

Fig. 4 depicts the corresponding typical resonant frequency shift and
areal mass evolution (from Eqs. (13) and (14)) after the application of
cathodic and anodic 50 μA∙cm−2 current pulses. It is worth mentioning
that at short time there is a delay in the mass growth with the ORR
charge and the mass remains almost constant for 150 s in Fig. 4; then
there is appreciable increase in the mass due to the formation of insol-
uble solid Li2O2 deposit. The time lag to record mass increase is due to
the formation of soluble LiO2 at the electrode surface which has been
detected with the RRDE in short term transient peaks [25,28]. At longer
times the soluble LiO2 may disproportionate to form insoluble Li2O2 on
nucleation sites with the corresponding added mass (solution phase
mechanism). The simultaneous increase of ΔR is predicted from
Eqs. (7) and (8) when the surface film thickness increases. Upon
inverting the current polarity both Δm and ΔR decrease with recovery
of initial mass at very high over potential, c.a. 4.5 V.

The EQCM gravimetric study shows that the dynamics of the O2 re-
duction and evolution reactions strongly depends on the current densi-
ty as shown in Fig. 5 for typical constant current pulses. Surprisingly, at
higher current rate (100 μA∙cm−2) Δm = 3 μg∙cm−2 (9.0 mC∙cm−2 in
90 s),while at a lower current density (50 μA∙cm−2), a largermass is ob-
served, i.e. Δm = 11 μg∙cm−2 (18 mC∙cm−2 in 360 s). It should be also
noticed a difference in the initial time lags for the mass increase, i.e.
30 s at high current density and 130 s at lower 50 μA∙cm−2; this time
lag correlates to the initial high soluble lithium superoxide flux burst
detected with the RRDE [25,28]. These results can be rationalized from
the different possible mechanisms for ORR in lithium containing elec-
trolytes in high donor number solvents: At high current rate a surface
mechanism has been described while at low current rate a solution
mechanism dominates [18,19].
Fig. 4. Quartz crystal resonant frequency shift and Δm/A evolution during the current
pulses of Fig. 3.

Image of Fig. 3
Image of Fig. 4


Fig. 5. Time evolution of Δm/A for 50 and 100 μA∙cm−2. Dotted lines show current
inversion to anodic pulse.

Fig. 6. Chronoamperometry of O2 reduction reaction (ORR) on Au in DMSO/0.1 M LiPF6 at
2.45 V and oxidation at 4.55 V (upper panel); simultaneous EQCM mass per unit area
(lower panel).

Fig. 7. Plot of Δm vs. ΔQ calculated from data in Fig. 6.
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Thus we disclose here for the first time gravimetric evidence with
the EQCM of the different mechanistic models that apply to the ORR in
LiPF6/DMSO electrolyte: The time course and amount of O2 reduction
products deposited on Au depend in a complex manner of the compet-
ing surface and solution phase mechanisms.

With the EQCM derived mass (Δm) and the charge (Q) obtained by
current integration, the mass-to-charge ratio (mass per mole of elec-
trons, mpe) can be calculated as mpe = Δm ∙ zF / Q (z is the number
of electrons transferred). The EQCM is a unique technique to assess
the mpe and therefore to distinguish the molar mass of the deposited
products on the electrode, including ions and neutrals like solvent.

The mass deposited per Faraday of charge depends strongly on
the experimental conditions, for instance at high current density
(100 μA∙cm−2) mpe = 25–30 g∙mol−1 was found, close to the theoret-
ical value 23 g∙mol−1 expected from sequential reactions (1–2) or
(1–3). At lower current density (50 μA∙cm−2), the mpe rises to
91 g∙mol−1 and further above 100 g∙mol−1 for 5 μA∙cm−2.

On the basis of preliminary EQCM results, we have recently pro-
posed the co-deposition of DMSO or its decomposition products simul-
taneous to the ORR in LiPF6 in this solvent that highly coordinates Li+

[28,37]. At high current rate, less mass is deposited because of effective
Au surface passivation by a thin lithium peroxide non-conductive film,
while at lower current rate soluble LiO2 in low surface concentration dif-
fuses away into the electrolyte solution rather than disproportionate at
the surface into insoluble thin Li2O2 passivating film. This favors the so-
lution phase mechanism with formation of large disc or toroidal parti-
cles from aggregation of Li2O2 nano-crystals from solution [18,20]. In
the surface mechanisms Li2O2 deposition yields 23 g/F as reported by
other authors [14,22,38] while incorporation of DMSO results in mpe
values much higher than expected from Eqs. (1)–(5) since solvated
LiO2 diffuses out in solution and precipitates on large Li2O2 particles
by disproportion (solution phase mechanism).

Fig. 6 compares typical chrono-amperometric curves for the oxygen
cathode discharge at 2.45 V and re-charge at 4.55 V with the simulta-
neous Δm vs. time curves. During ORR at constant potential a delay in
the mass uptake with respect to the charge is also observed due to the
build-up of soluble LiO2 surface concentration below the critical value
for a massive conversion into Li2O2 blocking deposit. Notice that the
Au surface is not fully passivated since reduction and oxidation currents
after 100 s are still appreciable.

Under the conditions described, a careful analysis of mass to charge
ratio during the chrono-amperometric transient shows mpe values in
large excess to those expected for a simple mechanism described by
Eqs. (1)–(5), ie. 166 and 62 g per Faraday in Fig. 7.
Another technique employed for the study of the electrochemical
performance of oxygen cathodes is cyclic voltammetry (CV). In a previ-
ous publication on the RRDE study of this systemwe have shown that in
cyclic voltammetry experiments potential and time are convoluted and
therefore it is difficult to distinguish the effect of each factor on the elec-
trode kinetics [25]. Fig. 8A depicts a CV for the ORR in O2 saturated
DMSO containing 0.1M LiPF6 at a scan rate of 20mV∙s−1with a cathodic
current maximum at 2.44 V. The corresponding EQCM derived ΔXL

(=ωL) and ΔR simultaneously measured are plotted as a function of
the electrode potential in Fig. 8B and C. Notice that the mass does not
increase until 2.5 V when the ORR current has already reached
300 μA∙cm−2 which is consistent with the predominant formation of
soluble LiO2 as found in RRDE experiment in the same potential interval
[25]. Both the increase of Δm obtained with Eq. (14) from ΔXL and ΔR
indicate the formation of a massive deposit of oxygen reduction prod-
ucts below 2.44 V, which continues growing slightly in the back scan
until 3.0 V.

In the back scan themass decreases above 3.0 Vwhile anodic current
flows; however at this scan rate the mass does not recover the initial
value even a 4.5 V since a longer time is needed as found in chrono-
amperometry (see Fig. 6) or slower scan rate. Even at potentials above
the O2/Li2O2 couple only a fraction of mass gained in the cathodic
cycle is lost, so there is no balance of the oxygen unless reaching a
deep recharge at very positive overpotentials where DMSO is

Image of Fig. 5
Image of Fig. 6
Image of Fig. 7


Fig. 8. A. Current–potential plot of Au deposited on quartz crystal in O2 saturated
0.1 M LiPF6 DMSO solution (157 ppm H2O) at 20 mV∙s−1. Simultaneous variation of
ΔR (B) and ΔXL (C).

Fig. 10. Electrode potential andΔm/A during 50 μA∙cm−2 cathodic and anodic galvanostatic
pulses for ORR on Au in O2 saturated 0.1 M LiPF6 acetonitrile solution.
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electrochemically oxidized, so EQCM confirms DEMS evidence and lith-
ium air batteries typical potential-charge curves.

The mpe values derived from data in Fig. 8 yield 160 and 89 g per
Faraday for the mass increase between 2.5 and 2.0 V [28]. These values
are much larger than those expected for simple reactions (1–5) and
suggests co-deposition of the solvent (78 g/mol for DMSO) which
would arise from strong interaction of DMSO-Li+. It has been reported
by Li-7 NMR spectroscopy that four dimethyl sulfoxide molecules
solvate Li+ [39]. Sharon et al. [14] have proposed a mechanism for the
Fig. 9. A. Current–potential plot of Au deposited on quartz crystal in O2 saturated 0.1 M
LiPF6 DMSO solution (30 ppm H2O) at 20 mV∙s−1. B. Simultaneous variation of Δm/A.
decomposition of DMSO by reactionwith LiO2 and Li2O2 with formation
of a dimsyl anion-Li+ ionic pair (84 g/mol) and hydro-peroxyl radical or
lithium hydroperoxyl radical anion pair (40 g/mol).

Recent XPS studies of the Au electrode surface after the ORR under
similar experimental conditions have shown the presence of carbonate,
organic molecules and sulfur from DMSO decomposition as well as LiF
and phosphorous compounds from decomposition of PF6− [40] These
decomposition products would also account for the mass in excess
seen in EQCM experiments.

A noticeable feature in Fig. 8 is the lack of Au electrode passivation in
the back scan which could be caused by traces of water in DMSO solu-
tion inducing a solution phase ORR mechanism as demonstrated by
the IBM group to enhance the formation of toroidal Li2O2 particles and
increase in the cathode capacity (mass) [17]. After the measurement
Karl Fischer determination of water yielded 157 ppm.

Another evidence of a massive deposit consisting of large particles
protruding in the liquid is the quartz crystal resistance change, ΔR to al-
most 300Ω at themaximummass deposited shown in Fig. 8B compared
to lowΔR observed for thin peroxide films. In different experiments the
values of ΔR correlate with Δm/A for thin deposits, i.e. ΔR ≈ 1–5 Ω
while for thick depositsΔR reached very large values due to viscoelastic,
roughness and friction looses of the shear wave at the interface of the
ORR reduction products deposit with asperities and the liquid electro-
lyte. The larger ΔR, the less accurate the measurement of Δm/A since
acoustic thin film conditions are no longer applicable [41].

Conversely, experiments carried out with low water content in the
DMSO solution, i.e. 30 ppm, under similar conditions exhibit full passiv-
ation of the Au surface and lower mass deposited (cathode capacity)
due to the formation of a thin Li2O2 film as shown in Fig. 9. The mpe
in this case is 41 g per Faraday as expected from Eqs. (1)–(5) with no
solvent co-deposition. The variability of quartz crystal microbalance re-
ported by different authors [14,22,38] can be explained by the different
ORR mechanisms in non-aqueous lithium electrolyte solutions in sol-
vents of different Li+ ion stabilization capacity, different current densi-
ties or trace amounts of water.

Unlike DMSO, in low donor number acetonitrile (ACN) solvent, sol-
uble superoxide could not be detected in solution [12,24], given the
poor solvation capacity of ACN for Li+ [37]. TheORR in ACN lithium con-
taining solutions proceeds by the surface reaction mechanism [19].
Therefore for comparison Fig. 10 shows the time evolution of the elec-
trode potential and the simultaneous areal mass detected with the
EQCM that result from high current density pulses (250 μA∙cm−2) ap-
plied to a Au coated quartz crystal immersed in O2 saturated 0.1 M
LiPF6 in acetonitrile. Several important differences with respect to sim-
ilar experiments using DMSO (see Fig. 3) can be described.

The deposited mass grows linearly with time (charge) from the be-
ginning of the ORR pulse and no time delay between mass and charge

Image of Fig. 8
Image of Fig. 9
Image of Fig. 10
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has ever been observed as in case of the solvent DMSO. The constant
slope yields an mpe very close to 23 g per Faraday in repetitive pulses.
Fewmicrograms of Li2O2 are deposited and the mass increases propor-
tionally with current densities as expected for a compact thin film. No-
tice that upon oxidation the electrode potential never reaches 4.0 V in
the anodic pulses and both AFM and XPS confirm a residual deposit
after full oxidation consistent withmass accumulation at the Au surface
in successive scans.

4. Conclusions

The EQCM is a powerful technique for the study of the ORR in non-
aqueous lithium containing electrolytes with a solid non-conductive re-
action product, Li2O2 in lithium-air battery cathodes. The gravimetric re-
sults demonstrate that soluble LiO2 produced in the first electron
transfer to molecular oxygen does not contribute to the mass gained
and only when it yields Li2O2 either by bimolecular disproportion or a
second electron transfer step the EQCM detects mass load increase on
the quartz crystal. A time delay between the onset of the mass increase
and the cathodic charge is due to the solubility of LiO2 inDMSO,which is
not observedwhen acetonitrile is used as solvent. This is in coincidence
with previous results with the RRDE.

The magnitude of the Li2O2 mass deposited per unit area and the
variation in shear wave energy losses (ΔR) depends on the experimen-
tal conditions i.e. solvent, current density, amount of traces of water,
scan rate or deposition time. These discrepancies are due to the possibil-
ity of different mechanisms that apply to the ORR in LiPF6/DMSO elec-
trolyte: (i) Surface thin Li2O2(s) films from electrochemical/chemical
deposition, and (ii) solution phase disproportion of soluble LiO2 in
DMSO that produces large Li2O2 disc or toroidal particles. The mass
per electron (mpe) detected with the EQCM depends on the respective
current rates and thus on the mechanisms, i.e. 23 g/F for the formation
of Li2O2 thin film at high current density and much larger values for
low current density or large amounts of water due to solvent co-
deposition and further degradation.
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