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Abstract

Li-O, batteries are claimed to be one of the futureg@nstorage technologies since it
could provide a specific energy as high as 3500\Wh A great number of scientific
and technological challenges should be solvedyfitsettransform Li-Q battery from a
promise to real practical devices. Proposed meshanfor oxygen reduction assume a
reservoir of solved Liions in the electrolyte. However, the role thasatied LT on
the electrode surface might have on the overallgeryreduction reaction (ORR) has
not deserved much attention. Adsorbetl tdnsumption is monitored here providing a
new perspective on the design of Li-Oatteries. The discharge process of a Li-air
battery has been analyzed by impedance spectrosgepijfying kinetically-separated
steps. Adsorbed Lis inferred from extended electrochemical doubjetacapacitance,
which depends on the carbon matrix surface area. {diesence of Odrastically
reduces the amount of adsorbed kignaling the kinetic competition between’ Li
surface adsorption and its consumption only foepbéls corresponding to the oxygen
reduction reaction. Noticeably double layer caaie remains unaltered after cycling.

This fact suggests that the ORR products@kiand LLCO3) are not covering the



internal electrode surface, but deposited on the&eroelectrode-contact interface,
hindering thereby the subsequent reaction. Cumesults show new insights into the
discharge mechanism of Li-Batteries and reveal the evidence ofdesorption from

the C surface when the oxygen reduction reactiamsst
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1. Introduction

In an increasingly energy-dependent society, thedrfer renewable energy sources
together to its storage is paramount to maintainrecd society paradigm in a
sustainable way with the environment. Albeit Liteakes (LIBs) have invaded the
electronic market, their energy densities are Ugliatited below 250 Wh kgt*. This
limitation is mainly originated by the mechanisrsough which the chemical energy is
stored in the present commercial LIBs that is basedhe reversible reaction of the
electrode materials with Liions by means of intercalation mechanisms. Thesefo
approaches based on new chemistry are necessamngréase the energy density in
batteries, such as Li-S and LiQwhich can provide more than 1000 WhR¢f.In
particular, Li-Q batteries have received a great deal of attemtsothey can deliver the
highest energy density among any other type okbaft. Li ions and @ directly react
with each other in the absence of any heavy transinetals or crystal framewolk.
Nevertheless, Li-@battery technology is in its infancy and many famental issues
are needed to be addressed before their pracgpétation.

The chemical energy storage in Ly-@atteries is based on the oxygen reduction
reaction (ORR) during discharge and oxygen evatuteaction (OER) in the charge,
2 Li" + O, + 2 éoLi0, (E° = 2.96 V, with theoretical specific energy of
3500 Whkg"). To date, LiO, has been identified as the main discharge probyct
different techniques like Raman spectrosc8byand AFM . Li,O, is electronically
insulating, very oxidative and insoluble, precipitg onto the electrode what causes the
increase of the necessary potential for oxygen utham reaction (OER) and the
oxidation of the carbon electrode and/or electmlygiving LbCOs® and as

consequence the decrease of the cycleability oL@, battery. Also, some authors



note that the insulating nature of,Qp avoids its possible reduction to,0, in this
situation, Li-Q batteries would provide energy densities as highz00 Wh kgt".

It is then noticeable that to fully exploit the eapy of Li-O, batteries, the
thermodynamic and kinetic mechanisms that govedliamt their functioning must be
understood. From the pioneering studies of Abrakaml™® on the ORR to date, the
oxygen reduction reaction has been widely analyred-O, batterie§’, and several
models have been proposed, which have been recenified by Bruce et all*”.
Generally, the adsorption of ,Onolecules onto the cathode with one electron
interchanged with the electrode is considered a&s fifst step (Q + € « O,

E° = 2.71 V). This adsorbed,Qeacts with Li ions to produce Ligadsorbed or as solid
dissolved in the electrolyte. Depending on the ealvnature and the chemisorption
strength with the cathode different mechanisms hmeen proposed for the reaction of
the adsorbed Li@with Li* ions until L,O; is reached as final product. In all these
studies, the ORR starts with the reduction of oxygethe context of free electrode
surface and solved Lions in the electrolyte. However, the role thas@ted LT ions

on the electrode surface might have on the oved®R has not deserved much

attention. This last contribution was pointed oyt Qu et al. ™!

, although no
experimental evidence was provided. The monitofanghe first time of the desorption
process of Liions induced by ORR provides here revealing irtsigin the cathode
surface processes in Li>@atteries.

In this manuscript, Li-@discharge process in different cathodes has besitaned by
electrochemical impedance spectroscopy (EIS). Tdubnique has been recently used
suggesting that the overpotential during dischasgsaused by internal resistance, and

is dominated by the charge transport through thposieed L3O, at the end of

dischargé® ' Our study is based on a cathode made by carboer Supiith 30% of



NiOCoO as catalyst in the presence and absence.ohdcually, both cathodes (with
and without Q) show the same impedance spectra from 4.0 to 2i@ Which extended
electrochemical double layer capacitance (EDLC)enaul by adsorbed Lis observed.
This behavior has been verified on different systamd tested that is dependent on the
surface area of the cathode. At lower voltageseteetrode in the presence of shows

a huge capacitance increase at the same time heaEDLC is reducing. This fact
evidences the depletion of the adsorbetiduring the ORR. The results show three
steps with their characteristic reaction time aasistance in the Li-Ddischarge: i)
interfacial phenomena, ii) extended electrochemialble layer capacitance (EDLC),
and iii) chemical capacitance generated by oxygedugtion reaction (ORR
Capacitance). This study gives new insights on® thO, discharge mechanism
provided by impedance spectra, and highlights thedontribution on the overall ORR

of adsorbed Lion the electrode surface.

2. Results and discussion

2.1. Electrochemical behavior in the presence doskace of @

Figure la shows the cyclic voltammetry (CV) of SP@30NiOCaOthe presence of
O.during cycling and in absence of (®hird cycle).Without @, the CV signal shows
some hysteresis (in the order of few m&)gwithout any remarkable peak (inset of Fig.
1la). This shape is characteristic of supercapacitowhich the hysteresis is attributed
to the extended electrochemical double layer cémace (EDLC) built by the
adsorption of Li ions onto the carbon surfa® In the present case, the hysteresis is
low because the surface area of the carbon matsmall (8er=75 nf g*) compared to
the carbon materials used for supercapacitors. CWechanges drastically in the

presence of & where a cathodic peak is observed with an ons@%V and the



maximum at 2.4 V, with the typical shape reportedtie literaturd* ', The shift of
ORR peak from 2.7 V to 2.4 V has been attributedh®® EC mechanism, that is,
electrochemical reduction G € —0Oy) followed by a chemical step (reaction OfLi
with O,) that severely deplete the concentration gf"OWith the number of cycles,
the cathodic peak reduces conspicuously, and heradéss extension the anodic peak.
For this air cathode (of lows8r), the capacity is ca. 500 mARg(Figure SI.1). The
main species formed in the discharge process;Lwhich is almost decomposed
during charge process, as revealed the XPS spéEtgure S1.2) that provides
molecular percentage of Li in the formyQp at 2.4 V and 3.4 V after 3, 5 and 7 cycles
(Table 1). XPS also shows that, in this case,d®sis formed once LO, (very
oxidative species that can react with the C of ¢leetrode and/or the electrolyte) is
produced® ™! albeit in little amount. Nevertheless, the decosiian of this residue is
low and while LyO,almost disappears during charge process, the eesatluces nearly
a half. The evolution of the electrode composii®observed by XPS, where we could
observe that LCO; is accumulated, as also pointed out by XARy¢re 1b). Before
cycling, the electrode shows the peaks ascribatidanesh substrate and the catalyst,
NiOCoO, the same result than the electrode at 3(®efore reduction process) after
being cycled 3 times. Nevertheless, the charattepsaks of LiO, are observed after
5 CV, peaks that disappear after 7 cycles, wheseecttaracteristic LCO; peaks are

clearly observed.
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Figure 1aCV of SP@30NIiOCoO in the presence of &ong different number of
cycles and in the absence of @set). Scan rate: 0.1 mV*sb. XRD patters of air
cathode before being cycled (pristine) and afteb &nd 7 cycles. The patters of the

mesh, LHO,, NiOCo0O, and LiCOs; are also shown.

Specie (% mol)
Sample
Li (Li 20,) Li (Li 2COg3)
3cycles, 2.4V 3.6 1.4
3 cycles, 3.4V 0.3 0.6
5 cycles, 3.4V 5.6 11.2
7 cycles, 3,4V 6.9 19.4

Table 1 Molecular percentage of Li in the form o0, and LbCO; determined by

XPS (all data shown in SI) in the sample cycleséhfive or seven times at different
stop voltage: 2.4 and 3.4 V.

In order to assay the electrode in a representatate during Li-Q charge-discharge
process, the electrochemical impedance spectrose@gyperformed after three CV.
The first cycle is discarded because it is notesentative of a steady operation, and at
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the third cycle residual compounds are negligiateXPS (Table 1 and Figure S1.2) and
XRD (Figure 1.b) data demonstratdhe EIS measurements were carried out
potentiostatically at different stages of lion insertion at a very low rate to ensure the
steady-state conditiofrigure 2 shows three different Nyquist diagrams, represmeta
of the different stages during the discharge pmcé&ke low frequencies range of the
impedance spectra (below 5 Hz, indicated in Fig@esand 2b) of both systems give
the same Nyquist plot from ca. 3.6 to 2.8 V. At ¥.QFigure 2a), the system with,O
shows lower resistive behavior probably due todbgradation of the carbon cathode
and the electrolyte solvent in the presence af SIhce carbon becomes unstable at
voltages above 3.5 ¥°!. At 2.6 V (and lower voltages), the Nyquist pldtioe cathode

in presence of ©changes drastically and the arc associated tolavefrequency
decreases dramatically. A new electrochemical feattinow observed at frequencies
lower than 10 mHz (Figure 2f).This process showddrdédated to the limiting step for
ORR and Gdiffusion. At high frequencies (above 5 Hz, Figuleisf), the Nyquist plots

of the battery in absence of, Ghow one arc while there are two smaller arcdhen t

presence of @
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Figure 2 Nyquistplots of SP@30% NiOCoO with and withouyt The low frequency (<
5 Hz) region of the EIS is observed in graphs @ the figures d-f show an
enlargement of the high frequency region. The erpartal data are represented by
solid symbols and the lines are obtained by thimdtwith the equivalent circuit model

shown in Figure 4b.

To gain deeper insight on the LiQlischarge kinetics, the impedance data are
represented in terms of capacitance (C &4)iin Figure 3. In this representation, the
real part, C', is related to the electrode chargiigle the associated resistance caused
by kinetic limitations determines the value reachlmwdthe imaginary part, C”. As
explained elsewhefé, capacitive representation allows straightforwarektracting
contributing capacitors and, consequently, infgrrom charging mechanisms. Each arc
in a capacitance plot is assimilated tR& series subcircuit. In the region of low
frequencies (below 5 Hz) an arc is observed thased to ca. 6.5 F.§ in the two

systems (with and withoutPwithin the voltage range 4.0-2.8 V. At lower \ages, a
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new arc is observed in the presence ¢ftliat is more than two orders of magnitude
higher than the previous one, and hides it. At litfghjuencies (see Figure S1.3), smaller
arcs linked to different capacitive features in tmelltistep discharge process are
observed for both systems, although the capacitampeesence of ©is larger than in

its absence.
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Figure 3.Capacitance plot of SP@30% NiOCoO with and withddd. The
experimental data are represented by solid symdnudisthe lines are obtained by the

fitting with the equivalent circuit model shownkigure 4.b.

2.2. Electrode mechanisms through equivalent discui

Figure 4a represents the capacitance spectra, C’, vs. cleaist time (inverse of
measuring frequency) of the SP@30NiOCoO cathodbamnpresence (solid lines) and
absence (dashed lines) of.The horizontal axis is also represented in frequestale,
inversely than usually drawn, from high to low fueqcy in order to maintain the same
reading direction of the equivalent circuit modkl.this representation, a plateau is
demonstrative of a capacitive step in the dischangehanism occurring at a certain
frequency range. For electrodes with and withopt t@o plateaus are observed: the
first one at intermediate frequencies (ca. 100 iBZ), dependent, while the second at
low frequencies (ca. 0.01 Hz) is, @dependent only at higher potentials. These two
plateaus correspond to the two arcs describedgaré€s 3 and S1.3. The plateau at low
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frequencies is unaltered by the presence poinQall the discharge process until 2.6 V.

Noticeably below this potential the presence gh@Quces the capacitance decreasing by

one order of magnitude showing a plateau that ahd® mHz. At lower frequencies the

capacitance further increases in relation with th#usion and reaction process

discussed in Figure 2.f.

By observing Figure 4a one can distinguish threpssin the discharge process, which

are marked with squares and represented in thereliff subcircuits of the equivalent

circuit model shown in Figure 4b. The fitting oktproposed equivalent circuit model is

represented in Figures 2 and 3 with solid lines dhbserved steps during discharge are:

)] Interfacial phenomena (high frequency: >5 Hz) tlatO,dependent. In the
presence of @two arcs are observed in the Nyquist plot, whiah r@presented
by two resistances (Rand R) in parallel with two capacitances{@nd G,).
In the absence of Qonly one arc is observed that is equivalent tesistance
(R) in parallel to the capacitance;C

i) Extended electrochemical double layer capacitan€BLC) (intermediate
frequency: 10 mHzk< 5 Hz) that is @ independent at high potentials. This
mechanism is connected to thé hidsorption on the internal electrode surface.
This capacitance, €5, is associated to an arc in the C” vs C’ représion
that can be modeled by a serR€ circuit’’*®. The associated resistancgR
accounts for the Litransport in the electrolyte within the porous rixatMore
details of this subcircuit model are in Supportinfprmation.

i) Chemical ORR capacitance (low frequeneylO uHz) that only appears in the
presence of ® When Q starts to react (at 2.8 V and below) a new pdralle

branch to the EDLC is represented in the equivat@rduit model by the
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chemical capacitance, dn series to the associated resistaneggRaccounting

for the reduction reaction.
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Figure 4.(a)C’ vs characteristic time and frequency (in appoorder than usual, from
fast to slow electrochemical processes for a murgtive reading) for SP@30NiOCoO
in the presence (solid lines) and absence (dashes) lof Q. Inset: Scheme of the three

processes of the Li-QOdischarge mechanism. The ORR is represented onatihede
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surface by a graphitic layer, in which adsorbedreact with Q. (b) Equivalent circuit

model for the system in the absence and presenog of

2.3. Interfacial phenomena

The electrochemical processes related to the aderfire monitored by EIS at high
frequencies. In the absence of, @ single semi-circle is observed in the Nyquist
representation (Figure 2 d-f) that is associateth & semi-circle to the C” vs C’
representation, Figure SI3. This capacitangeafd resistance,;Rcan be associated to
the impedance generated at the contact interfateeba the electrode and the
electrolyte solutio®:” In the presence of Dtwo small arcs are distinguished in Figure
2 d-f. One of the arcs can be ascribed to the foomaf the isolating layer formed by
LioO, and LpCOs(as XPS and XRD shown) and the other to the impeslat the
contact interface, as it has been assigned inbtbenae of @ In any case these resistive
elements introduce limitations into the overall igfiag mechanism.

The fitting values obtained by the equivalent dtrconodel are represented kigure 5.
With the calculated values, we can indicate that &hd R, are related to the
electrode/electrolyte contact since they are comstadependently of the applied
voltage. In this assumption,j;Cand R, should be related to the solid electrolyte
interface (LpO.and LbCOs) formed on the cathode, which explains why theacdpnce

increases with the oxygen reduction reaction.
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Figure 5.Parameters determined during discharge procesheb¥lS fitting with the
equivalent circuit model shown in Figure 4.b: (&sistance and (b) capacitance
associated to the interface phenomena;(c) resistdRgs and (d) capacitance,ggi,
associated to the formation of the electrochentcaible layer; (e) parallel resistance,

Rorr, Which decrease at the applied voltages when RiIR §tarts.
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2.4. Electrochemical double layer capacitance

With the equivalent circuit model (Figure 4b), thain parameters of the Ladsorption
step in the discharge process are obtaiR&glre 5. In the absence of Dthe capacity

is practically constant, 6.5F Ythat corresponds to capB cm.? considering an area
Seer= 75 nfg?), independently of the voltage. This value is witthe range of reported
electrochemical double layer capacitances in sapaators based on carbon materials
(5-20puF cm®)*® In this case, the capacitance is in agreemerit witower value
obtained with supercapacitors when an organic relgte is used compared to aqueous
electrolyte§”. Associated to the charge accumulation by physiedtro-adsorption
there is a resistance that has been related tonhiansport along the tortuous path of
the micro/meso-porosity of the carbon matfix In the presence of Hthe EDL
capacitance is unaltered at high voltages and ewltly decreases when the ORR starts.
This is in accordance with recent capacitance aigf The resistance of the 'Li
adsorption process consistently increases, shothimdsinetic competition betweenLi
adsorption and consumption by ORR at voltages Idivan 2.8 V. At the same time,
the parallel resistance oRr, decreases dramatically (close to three ordensagnitude)
giving further support to the idea that the curremhs along the parallel branch
corresponding to the ORR subcircuit in Figure 4h. ldwer voltages than ORR
reaction, (i.e. 2.2 V), the capacitance of the Edfarts to increase again signaling a full
recovering of the double layer features. We infat the ORR branch in Figure 4b is
kinetically favored at potentials 2.4-2.8 V.

To check the role of species involved in the EDlo@fation as a step in the discharge
mechanism, other systems have been measured feismocy. The same results have
been obtained in the absence of catalyst (Figu4) &hd the study with carbons of

different et has revealed that EDLC can be considered onlyrakgre on the carbon
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surface area (Figure SI.5). This point is furthiscdssed in the Sl since depending on
the size of the pores the area can be active aiortbe formation of the EDLIike in the
case of the supercapacitors.

In order to analyze the effect of cycling on theriation of the electric double layer, the
electrochemical impedance spectrum at 3.4 V (dutitigation process) has been
registered along several CV cycles. The Nyquist eaquhcitance plots are represented
in Figure 6 and the obtained fitting parameters in Fig®86. Surprisingly, no
significant differences are observed in the Nygplsts and the EDL capacitances are
practically constant, independently of the cyclimgmber. This result shows that the
electrode textural property is not modified wittke thumber of cycles, and ‘Léations
can freely adsorb in the carbon porosity, indepetiden the formation of O, and

Lio,COs, which presence is evidenced by XPS and XRD.
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Figure 6. a) Nyquist and b) EDL capacitance pldtthe SP@30% NiOCoO air cathode

at 3.4 V at different number of CV cycles.

With all the data in mind, the fact that EDL capacce decreases when ORR starts due

to a hiding phenomenon can be discarded since fhedapacitance remains unaltered
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after cycling. If the reaction products (mainly,Qp) partially cover the carbon surface
one would expect a reduction of the EDLC with ayglithat does not occur at 3.4 V
(Fig. 6b). Therefore, the EDLC decrease with ORRusth be associated to "Li
desorption, which can be either caused by: i) disghent of physisorbed "Liby
chemisorbed © when ORR starts, followed by the subsequent chenmeaction
between adsorbed®ith the solved Li in the electrolyte or ii) to a direct reaction
between the physisorbed’Lwith the molecular gat the oxygen reduction potential to
give Li,O,. Nevertheless, once the potential of ORR is sgqxhgi.e. 2.2 V), the EDL
capacitance increases again, what suggests #@ isinot forming a monolayer on the
top of the carbon surface. This idea is also supdoby the study of & with the
number of cycles, in which is observed that the esatapacitance is obtained
independently on the number of CV cycles, and tloenthe formation of O, and
Li,CQOs. This result discards that the transport limitatiand the cause of the low
rechargeability of the current battery is the fotima of an insulating layer (LCOs or
Li,O,) on the carbon porosity, as some authors haverteel® 22 Therefore, the
transport blocking most probably become from theuawlation of these two species
on one of the two sides of the electrode (electeldetrolyte or electrode-Q Since the
surface phenomena monitored by EIS (related telbetrode-electrolyte interface) are
scarcely affected by the presence of these twoiepeone can infer that the
accumulation of both, kD, and LbCGOs;, is at the electrode-Qnterface, that finally
limits the Q diffusion®® Noticeably EDLC remains unaltered after cyclindpisTfact
suggests that the ORR products,Q4 and LbCO3) are not covering the internal
electrode surface, but deposited on the outerreetQ interface, hindering thereby

the subsequent reaction.
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In all the models for Li-@ discharge mechanism, the surface of the cathode is
considered as a raw graphitic layer where thddrs arrive from the electrolyte side.
This study demonstrates that the surface is alreadgred by adsorbed lwhen ORR
starts what could imply that once the solubler€act with LT, the molecular gan first
react with the adsorbed ‘Lon the surface nearly the,Cforming LiO, and avoiding
further reaction. Qu et att" reported that the discharge capacitance can beased
with O, pressure higher than 1 atm since the electrolyde ferced back from the
interface and the complete wetting of the cathedavioided. Therefore, adsorbed Li
consumption provides a new context of the cathodiase where the oxygen reduction

reaction develops.

2.5. ORR Capacitance

At low voltages the reduction reaction of takes place. ORR is the main process in Li-
O, batteries that provides the unique high capabitythe main drawback for following
this reaction by EIS is its extremely slow rateisitregistered at frequencies below 10
mHz. For this reason, the fitting of the data idyopartial. In Figure 4b has been
represented by a resistance in series with the iclaémapacitance for the purpose of
clarity. Nevertheless, in the Nyquist plot is obsel that the real part of the impedance
(-Z’) increases, then signaling an extra resisbedavior in addition to the capacitive
one observed in Figure 4a. For this reason, memehts than the chemical capacitance
are certainly needed. It is indeed the final lingtistep related to the ,Qliffusion
through different layers. It is obvious that itnecessary to fast up this process in order

to make it fully observable by impedance methods.

3. Experimental
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All the agents were purchased from Sigma Aldriaing &vere used as received. The
cathodes were prepared by painting a carbon/PMdlffysbnto a stainless steel mesh.
The slurries were prepared by mixing carbon bla¢kfH catalyst (60:10:30 % wt) and
the addition of 1-Methyl-2-pyrrolidone. All the ¢tetdes were dryed in vacuum, at 110
°C overnight.Mixed-metal oxides are proved to bedycatalysts for both ORR and
OER in Li-O, batteried®! In this study, a commercial nanopowder, nickelatobxide,
(of size lower than 150 nm, CAS 5859-45-0, Sigmdrish) was observed to accelerate
H,0, oxidation(Figure S1.8) and, consequently, it igoad candidate as catalyst for Li-
02 batterie$™ albeit no reference of its use has been founHeriterature. Despite its
study is out of the topic of this manuscript, wevdn@een that its main contribution is
the reduction of the charge transfer resistancgu(giSI.9).

Cell assembly (Swagelok type)was carried out in,&fildd glovebox. This consists
simple in clamping together a Li metal foil anode, electrolyte-soaked separator, the
electrolyte that is 1M hexafluorophosphate lithiugalt (LiPF) dissolved in
tetraethylene glycol dimethyl ether (TEGDME), thathmde under study and the
stainless steel current collector. The cathodeectul is a tube in which pure,O
(>99.9999 to avoid contamination issues) flows, pinessure is maintained at 1 atm
during all the experiment.

Electrochemical characterization was performedgailPGSTAT-30 potentiostat from
Autolab equipped with an impedance module. The GA$ warried out in the voltage
window of 2-4.0V at 10QuV s’scan rate. After 3 CV scans, the EIS spectra were
performed (every 200 mV) within this voltage ramvgigh an amplitude perturbation of
10 mV, and in the frequency range of 1 MHz to 1 mMhke approximation to the

different voltages of measurement was potentidfticantrolled at 10uV-s® to assure
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the quasi-equilibrium state of the battery. Alsefdre each measurement the system
was stabilized during 30 minutes. All the datarasanalized to the carbon mass.

The cycled electrodes were characterized by meadsray powder diffraction (XDR) using
Bruker AXS-D4 Endeavor Advance X-ray diffractometesing Cu radiation. X-ray
photoelectron spectroscopy (XPS) was performed @ageS150 de Specs with non-
monochromatic radiation Al (1486.6 eV) to 20 mA and 13 kV, a constant pass@n75 eV

for global analysis and 30 eV for specific bind&wergy of each element analysis, and an area
measuring 1x1 mf The base pressure of XPS chamber was 7*a. XPS spectra were
fitted with CasaXPS software, which models the Gdumentzian contributions, after
background subtraction. Also, energy spectra walibrated by setting the C 1s photoemission

peak for sphybridized carbon to 284.8 e\Bamples were washed out by anhydrous
dimethyl carbonate (DMC, Sigma-Aldrich) solvent et times, and dried in a vacuum

chamber at 60 °C for 2 h previous XRD and XPS nreasentd2®

4. Conclusions

This manuscript analyzes the discharge process i@; Lbatteries by impedance
spectroscopy and provides a novel equivalent dincwadel. In this model, different
electrochemical processes during discharge mechaai® identified: i) interfacial
phenomena, ii) extended electrochemical doublerlagpacitance (EDLC), and iii)
ORR chemical capacitance. EDLC has been monitaneti-O, batteries and it is
observed to be independent of the presence @it @oltages higher than those at which
oxygen reduction reaction occurs. Noticeably EDkdully recovered after electrode
charging, and remains unaltered after cycling. Tai$ suggests that the ORR products
(Li.O, and LLCQO3) are not covering the internal electrode surface,deposited on the
outer electrode-é@nterface, hindering thereby the subsequent reachib this moment,

further research is necessary to elucidate if tlgs®rbed Liat the internal electrode
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double layer can directly react with the @olecules at the voltage where ORR starts or
they are merely displaced by the reduction gh@lecules. The novel equivalent circuit
model and the consideration that libns are already adsorbed on the carbon surface

when ORR starts provide new tools in the studydesign of Li-Q cathodes.
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Figure Captions

Figure 1. (a) CV of SP@30NIiOCO0O in the presence ofdbng different number of
cycles and in the absence of (nset). Scan rate: 0.1 mV*s(b) XRD patters of air
cathode before being cycled and after 3 and 7 sydlke patters of the pristine mesh,
Li»O,, NiO-Co0O, and LICO; are also shown.

Figure 2. Nyquist plots of SP@30% NiOCoO with and withouyt The low frequency

(< 5 Hz) region of the EIS is observed in graphs, and the figures d-f show an
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enlargement of the high frequency region. The arpental data are represented by
solid symbols and the lines are obtained by thmdtwith the equivalent circuit model
shown in Figure 4 b.

Figure 3. Capacitance plot of SP@30% NiOCoO with and withédt The
experimental data are represented by solid symdradsthe lines are obtained by the
fitting with the equivalent circuit model shownfigure 4.b.

Figure 4. (a) C’' vs characteristic time and frequency (in agfe order than usual, from
fast to slow electrochemical processes for a murative reading) for SP@30NiOCoO
in the presence (solid lines) and absence (dashes) lof Q. Inset: Scheme of the three
processes of the Li-Odischarge mechanism. The ORR is represented onatihede
surface by a graphitic layer, in which adsorbedreact with Q. (b) Equivalent circuit
model for the system in the absence and presen®g of

Figure 5. Parameters determined during discharge procesBebf IS fitting with the
equivalent circuit model shown in Figure 4.b: (&sistance and (b) capacitance
associated to the interface phenomena;(c) resestdlgs and (d) capacitance,ggz,
associated to the formation of the electrochenulcaible layer; (e) parallel resistance,
Rorr, Which decrease at the applied voltages when Rig §tarts.

Figure 6. (a) Nyquist and (b) EDL capacitance plots of tHe@30% NiOCoO air

cathode at 3.4 V at different number of CV cycles.
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Adsorbed Li* consumption is monitored during oxygen reduction eaction (ORR)
providing further understanding on the discharge pmocess of Li-Q batteries.
Adsorbed LI is inferred from extended electrochemical doublgetacapacitance
(EDLC), which is function on the carbon matrix ¢ area. EDLC is independent of
the presence of kO, and LbCO;, what indicates that the precipitation occurshat t
electrode-Q interface and not inside the electrode porosity.
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