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In this work we discuss the degradation chemistry on carbon-free electrodes of two ether based electrolytes for Li-O2 batteries,
i.e. tetraethylene glycol dimethyl ether (TEGDME) and dimethoxy ethane (DME) with lithium trifluoromethane sulfonate (LiTfO)
as salt. To this aim we developed an all-metallic positive electrode by electrodeposition of a gold dendritic film on a nickel foam
(Au@Ni). These carbon-free electro-catalytic electrodes have been used to investigate the degradation chemistry of the electrolytes
in Li-O2 cells by eliminating the parallel parasitic reactions due to the commonly used carbon electro-catalysts. In particular the
composition and morphological evolutions of the Au@Ni electrodes after discharge and cycling have been characterized ex situ by
Raman Spectroscopy, X-ray Photoemission Spectroscopy and Scanning Electron Microscopy. We also couple this experimental study
with thermodynamic predictions about the onset degradation of the DME molecule based on density functional theory calculations.
In summary in both DME/LiTfO and TEGDME/LiTfO electrolytes, the degradation involves the oxidation of the ether solvent
to a mixture of carbonates and carboxylates/formate/oxalate. DME is apparently more strongly degraded compared to TEGDME
whereas the LiTfO anion is highly stable. Calculations suggest the key role played by the singlet oxygen molecule as initiator of the
degradation path.
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Aprotic lithium-oxygen batteries (Li-O2) are a challenging and
promising technology for future reversible energy storage.1–6 In fact,
with a theoretical specific energy of 3305 Wh kg−1, nonaqueous Li-O2

batteries can be considered a valid alternative to the common fossil
fuels for transportation. Thanks to these promising figures, Li-O2

batteries have been systematically studied in the last ten years7 and
rewarding performance has been achieved.8–10

From the fundamental science point of view, recent advancements
have been achieved in the comprehension of the basic redox reac-
tions that rules Li-O2 batteries,11–16 in the identification of stable
lithium salts9,17,18 and solvents,8,19,20 or in the understanding the par-
asitic reactions.21–26 Nevertheless many important issues must still be
tackled in order to develop commercial Li-O2 cells,27 in particular
concerning the long term chemical/electrochemical stability of the
cell.8,21,23,28

Amorphous carbon-based materials are widely adopted as posi-
tive electrodes in Li-O2 cells thanks to their large surface areas, good
electrical conductivity, cheap costs and their ability to catalyse both
the ORR (oxygen reduction reaction) and the OER (oxygen evolu-
tion reaction) with small overpotentials.7,29–32 However, carbonaceous
materials are not fully stable in Li-O2 cells and participate to electro-
chemical and chemical parasitic reactions upon cycling.7,33,34 In fact,
many authors demonstrated that the degradation of the carbonaceous
matrix in Li-O2 cells likely leads to the formation of carbonates, car-
boxylates and formates after few electrochemical cycles7,21,32,35 and
the release of CO2.

34

Turning to electrolytes, several classes of organic media have been
investigated, i.e. carbonates, ethers, glymes, nitriles and sulfoxides.7,19

Among them, ethereal solvents show a remarkable stability and al-
low good performance in Li-O2 cells.28,36 As an example, dimethoxy
ethane (DME),37 tetraethylene glycol dimethyl ether (TEGDME),38

triethylene glycol dimethyl ether (triglyme),39 bis(2-methoxyethyl)
ether (diglyme),39 tri(ethylene glycol)-substituted trimethylsilane
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(1NM3)40 or 1,3-dioxolane (DOL)39 have been used in Li-O2 cells
and afforded prolonged cycling. Nevertheless, also for ether-based
electrolytes, several authors proved the accumulation upon cycling in
Li-O2 cells of degradation by-products.19,21,39

In two previous studies, we reported the analysis of the evolu-
tion of the surface composition upon cycling of carbon positive elec-
trodes in Li-O2 cells by ex situ X-ray photoemission spectroscopy
(XPS) and other techniques. We highlighted the precipitation and re-
moval upon reduction and oxidation of a complex mixture of partially
oxidized carbon-containing by-products in two different TEGDME-
based electrolytes.21,35 However, our experimental approach failed to
decouple the degradation originated by the oxidation of the ethereal
solvent from that due to the oxidation of the carbon electro-catalyst.
In fact, the observed mixture of organic/inorganic C-containing by-
products formed upon cycling7 can originate from the degradation of:
(a) the organic solvent, (b) the carbon electro-catalyst, (c) the carbon
conductor additive, (d) the lithium salt anion (e.g. trifluoromethane
sulfonate, TfO, or bis-(trifluoromethane)sulfonamide, TFSI) and/or
(e) the interplay between the degradation of the various carbon-
containing molecules/substances within the cell.

In the literature only few studies tackled the decoupling of the
parasitic reactivity in Li-O2 cells originated from the electrolyte41 or
from the carbon electrode,28,42,43 due to the complex interplay between
electrode and electrolyte.7,21,22,44 As an example, evidences of the
degradation of DMSO-, DME- and TEGME-based electrolytes with
LiPF6 or LiTFSI salts has been provided by Peng et al.41,45 on gold
and TiC electrodes and by Kundu et al.46 on Ti4O7 electrodes using a
LiTFSI/TEGDME electrolyte.

Here we illustrate in the literature the degradation chemistry on
carbon-free electrodes of two ether-based electrolytes for Li-O2 batter-
ies, i.e. tetraethylene glycol dimethyl ether (TEGDME) and dimethoxy
ethane (DME) both with LiTfO as salt. To this aim gold dendritic elec-
trodes have been developed by us and used to investigate the degra-
dation chemistry of these electrolytes in Li-O2 cells decoupled from
the parallel parasitic chemistry due to the carbon electro-catalysts. As
far as we know, this is the first ever reported study of the degrada-
tion of these two common electrolytes in Li-O2 cells on carbon-free
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electrodes, thus focusing exclusively on the parasitic chemistry of
these solvent/salt solutions.

Gold, as well as the other noble metals, is an electroactive catalyst
for ORR and OER reactions, as demonstrated in the literature.42,47–49

Moreover Au nanostructures can be easily grown electrochemically, or
prepared following chemical routes.47,50–52 Owing to this, gold nanos-
tructures, both self-standing or deposited/grown on macro-porous
metal supports can operate as carbon-free electro-catalysts in Li-O2

cells as demonstrate by other authors.7,47,53 As mentioned above, Peng
et al. observed the accumulation of Li2CO3 and HCO2Li on porous
gold electrodes using LiPF6/TEGDME and LiPF6/DME electrolytes
by ex situ Fast-Fourier Infrared Spectroscopy (FT-IR).41 Similarly,
Calvo et al. investigated on gold flat microelectrodes the Li-O2 reac-
tion mechanism and degradations in LiPF6/DMSO, LiPF6/acetonitrile,
and LiBF4/acetonitrile electrolytes by using electrochemical quartz
crystal microbalance, mass spectrometry, XPS and atomic force
microscopy.33,54,55 Focusing on the electrolyte degradation chem-
istry, Calvo et al. highlighted the irreversible accumulation of LiF
on the gold electrodes as solid by-product in the case of LiPF6-based
electrolytes,33 likely due to the hydrolysis of the hexafluorophosphate
anion.

In this work, nanostructured Au films constituted of nano-dendrites
have been grown on metallic nickel foams (Au@Ni) through an elec-
trochemical deposition reaction and characterized by X-ray diffrac-
tion, X-ray Photoemission Spectroscopy (XPS) and Scanning Electron
Microscopy (SEM) and voltammetry. Nickel foams are well-known
inert supports in Li-O2 cells.56 Electrodes have been recuperated after
discharge and cycling and investigated ex situ. The post mortem anal-
ysis of the morphology and surface composition of the electrodes has
been carried out by ex situ Raman spectroscopy, Scanning Electron
Microscopy (SEM) and XPS. It is important to stress that the use of
these carbon-free gold electrodes allows highlighting in the C1s XPS
region the chemical nature of organic by-products exclusively origi-
nated from the degradation of the solvent molecules. As a final point,
we also couple this experimental study with thermodynamic predic-
tions of the onset degradation of the DME model molecule based on
density functional theory (DFT) calculations, also considering the very
recent evidence of the key-role played by the 1O2 chemical species.57

Experimental

Positive electrode material synthesis.—The carbon-free positive
electrode materials was synthetized by plating a commercial foil of a
Nickel foam (MTI Corporation) with gold nano-dendrites by an elec-
trochemical deposition route. The electrodeposition procedure was
adapted from Ref. 58 and it is described below in detail.

The pristine Ni foam was cleaned with acetone in an ultrasonic
water bath for 15 min, then etched in HCl 6.0 M for 15 min, rinsed
with deionized water, soaked in NiCl2 10−4 M for 4 h, and then rinsed
with water and sonicated extensively. A three-electrode electrochem-
ical cell was assembled by using the degreased Ni foam as working
electrode, a platinum foil as counter electrode and saturated calomel
as reference electrode. The electrodeposition of sheet-like Au nanos-
tructures was performed in an aqueous electrolytic solution 10−2 M
of HAuCl4, 1.25 M of N-methylimdazole and 0.5 M of H2SO4. The
N-methylimdazole molecule was used as capping agent. The elec-
trodeposition of sheet-like Au nanostructures was obtained applying
a constant potential of 0.4 V for 1800 s via an IVIUM Vertex potentio-
stat. The final gold-plated Ni foam was washed with deionized water
and acetone three times to remove all the traces of the electrolyte
solution and the possible water-soluble or acetone-soluble electrode-
position by-products accumulated over the working electrode. The
final gold-plated Ni foam (i.e. Au@Ni) was punched into discs with
a diameter of 10.0 mm.

Cell preparation and post-mortem electrode preparation
procedure.—A MTI Corp. stainless steel lithium−air test cell was
used for the electrochemical measurements of Li-O2 batteries. The
positive electrode material was in all cases a Au@Ni disk. The neg-

ative electrode material was metallic lithium foil cut into disks (Ø
= 1.0 cm, thickness 0.5 mm). Two different electrolytes were pre-
pared and tested by dissolving lithium trifluoromethane sulfonate salt
(LiCF3SO3) in DME or TEGDME (Sigma-Aldrich, moisture con-
trolled grade) with a concentration of 1.0 mol/Kgsolvent (1 m). Elec-
trolyte was impregnated on a glass-fiber separator (Whatman). The
LiTfO salt and the Au@Ni electrodes were dried at 110◦C under vac-
uum for 12 hours before use. The TEGDME and DME solvents were
stored in a glove box and dried on regenerated 3 Å molecular sieves
(SigmaAldrich) and lithium chips for at least 15 days. Both cells and
electrolyte solutions were prepared in an Ar-filled glove box (Iteco
Engineering) with moisture concentration below 0.1 ppm.

The electrochemical cells were galvanostatically discharged/
charged in static conditions without gas flow by a pre-fixed O2 over-
pressure. A static pressure of 1.2 bar above atmosphere was realized
within the cell by filling them with O2 (5.0 N purity) through a valve af-
ter assembling. Gaseous O2 was spilled from a high-pressure cylinder
through a stainless steel gas lines equipped with a molecular sieve-
filled moisture trap. Electrochemical tests carried out in absence of
O2 was realized by connecting the as assembled cell directly to the
electrochemical testing system without pre-filling with oxygen.

Positive electrodes were recuperated post-mortem after cycling
from the electrochemical cells in order to carry out morphological
and spectroscopic characterizations. The post mortem electrodes were
prepared by: (a) de-assembling the cell, (b) soaking in TEGDME or
DME, depending on the adopted electrolytic solution to dissolve the
traces of the lithium salt, (c) washed in tetrahydrofuran (THF) three
times to remove the solvent residues, (d) dried under vacuum for
3 hours at room temperature and (e) stored in an Ar-filled glove
box.

Characterization methods.—A MTI Corp. battery cycler was uti-
lized to carry out galvanostatic tests (GC), adopting a constant current
of 0.025 mA cm−2. The specific capacity was obtained by normalizing
the final capacity to the area of the positive electrode (i.e. 0.785 cm2).

Linear Sweep Voltammetry tests (LSV) were carried out by us-
ing an IVIUM Vertex potentiostat by applying a scan rate of 0.05
mV s−1 in order to evaluate the stability windows of the Au@Ni
electrode/electrolytes. Two series of experiments were carried out to
evaluate the possible occurrence of parasitic redox reactions in the
range of 2.0–4.5 V besides the Li-O2 redox activity:

1) Anodic and cathodic sweep voltammetry tests of
Li/electrolyte/Au@Ni cells filled with Ar;

2) Anodic sweep voltammetry tests of Li/electrolyte/Au@Ni cells
filled with O2.

XPS measurements were carried out using a modified Omicron
NanoTechnology MXPS system with a monochromatic X-ray source
(Omicron XM-1000) and an Omicron EA-127 energy analyzer. The
Al Kα (hν = 1486.7 eV) was used as exciting radiation and it was
generated operating the anode at 14–15 kV and 10–20 mA. The pass
energy for the survey scan was 50 eV, while it was 20 eV for the
other photoionization regions. Take-off angles of 11◦ with respect to
the sample surface normal was adopted. All analyses were performed
at room temperature, with a pressure of 2 10−9 mbar in the chamber
during the spectra detection. The C 1s binding energy (BE) of adven-
titious carbon, obtained for the pristine cathode Ni/Au was used as
internal standard reference for the BE scale (accuracy of ±0.05 eV).
This signal, composed by four different peaks, was also subtracted
to the other C 1s regions of the spectra related to the cycled simples.
In order to theoretically reconstruct the XPS spectra a Shirley func-
tion was adopted for the secondary electrons background, whereas the
elastic peaks have been fit to pseudo-Voigt functions. In particular, po-
sition, fwhm and Gaussian-Lorentzian ratio were free to vary within
narrow limits. No traces of sample degradation during the extended
X-rays irradiation were detected.

X-ray Diffraction (XRD) measurements were carried out by a
Phillips Xpert Pro Diffractometer. The morphologies of the samples
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were investigated by High Resolution Field Emission Scanning Elec-
tron Microscopy instrument (HR-FIELD EMISSION SEM, Auriga
Zeiss) and by a Phenom-FEI SEM apparatus.

Raman spectra were carried out by using a micro-Raman spec-
trophotometer LabRam HR HORIBA Jobin Yvon equipped with a
He-Ne (632.8 nm) laser source (20 mW) and a CCD detector. A
sealed holder with a sapphire window was adopted in order to protect
samples for contact with moisture.

Computational details.—We employed density functional theory
(DFT) to calculate molecular properties and to make thermodynamic
predictions of the energetics of the C-H bond cleavage reaction of the
DME model ether molecule, in order to extend the general degrada-
tion model outlined by us in the Ref. 22. Among all the many possible
computational approaches adopted previously by many authors to
study the degradation of solvents in Li-O2 environments,7,16,22,26,59,60

we used the same scheme already exploited and validated by us with
respect to highly correlated methods in Ref. 22: the M06-2X func-
tional has been adopted within the 6–311++G∗ basis set.61 In all
calculations we incorporated solvation effects by employing a self-
consistent reaction field in continuum solvation model C-PCM.62 As
model solvent we used the of 1,1,2-trichloroethane (present in C-PCM
library) which has a dielectric constant very similar to the average
value of ethereal solvents. For all ground states of reagents, prod-
ucts and transition states we considered all possible spin states and
the reported energy evaluations always refer to the most stable one.
Frequency calculations were performed to check that the minima all
have real vibrational frequencies and that transition states had only
one imaginary frequency. In the case of spin transitions we considered
all competing routes. All calculations were carried out by using the
Gaussian09 package.63 The reaction thermodynamics were evaluated
in terms of �rG◦ at 298.15 K by correcting the variation of the total
electronic energy at 0 K between products and reagents, for the vibra-
tional contributions. The �rG◦ was calculated as difference between
the total energy of products and reagents. The kinetic energy barriers
were evaluated in terms of activation energy, Ea, by calculating the
energy difference between the reagents and the transition state.

Results and Discussion

The Au@Ni pristine electrode: preliminary characterization.—
The synthesized Au@Ni electrodes have been preliminary character-
ized by SEM, XPS and XRD before testing in Li-O2 cells as shown in
the supplementary information. The Au@Ni electrodes are constituted
by an highly crystalline cubic gold phase64 deposited on the pristine
nickel foam (see the figures S1a and S1b). Apparently the electro-
plating procedure leads to the precipitation of a continuous film that
convers the smooth surface of the nickel foam (see the figure S2) and
a dense agglomeration of dendrite-like structures grow orthogonal to
the nickel structure. Gold dendrites are apparently less than 200 nm
thick and are partially fused among them (see the figure S3). Overall,
the obtained morphology compares well with that observed by Yang
et al. that prepared a similar sample in analogue conditions.58

The anodic and cathodic electrochemical stability window both
the electrolyte/Au@Ni electrode interfaces in the operating voltage
range of a Li-O2 battery has been evaluated by LSV as shown in the
supplementary material (see the figure S3). Negligible catodic currents
are detected from the open circuit voltage (OCV, around 3.0 V) to 1.0
V both for the TEGDME and DME based electrolytes. In oxidation
two different electrochemical anodic responses are observed in Ar
and in O2. In the Ar-filled cell the anodic stability of both electrolytes
over Ni foam/Au is limited to 3.5 V, whereas O2-filled batteries show a
remarkable stability up to 4.6–4.7 V both for TEGDME and for DME.
Apparently, the O2 atmosphere extends the DME and TEGDME-
based electrolytes anodic stability window by ∼1 V. It is likely that
the formation of a thin passivation layer occurs over the cathode
surfaces under oxygen atmosphere, thus shifting the onset voltage of

the electrolyte decomposition reaction. A similar behavious has been
observed for the bare Ni foam by Liu et al.56

Performance of the Au@Ni electrodes in Li-O2 cells.—Galvano-
static tests have been carried out on Li-O2 cells assembled with
LiTfO/TEGDME and LiTfO/DME as electrolytes. Two different ex-
periments have been carried out: (i) a full cell discharge to a cell
voltage of 2.0 V at j = 0.025 mAcm−2 and (ii) 5 discharge/charge
cycles in a voltage range between 2.0 and 4.1 V with a capacity lim-
itation of 0.1 mAh cm−2, applied both in discharge and charge. The
galvanostatic cell voltage profiles are shown in Figure 1.

The Ni foam is unable to catalyse the electrochemical reduction
of O2 to give Li2O2,56 but gold, as well as the other noble metals,
is an electroactive catalyst in Li-O2 cells as demonstrated by many
authors42,47–49 and here shown in the Figures 1a and 1b. The Au@Ni
electrodes are able to supply a discharge capacity that approaches 0.4
and 1.0 mAh cm−2 for the TEGDME and the DME-based electrolytes,
respectively, in the typical voltage range of the O2/Li2O2 redox activity
with moderate overvoltages.7

The difference in the discharge capacity measured with the two
electrolytes may be attributed to the complex interplay between the
O2

− and Li+ solvation and the Li2O2 growth mechanism, i.e. the so-
lution vs. surface mediated paths, that is modulated by the acceptor
and donor numbers (DN) of solvents and lithium salt anions.9,14,16,65–67

In our case, the DN of the TEGDME, DME and the TfO− anion are
16.6, 20 and 16.9 kcal mol−1.66,68 Following the model proposed by
Burke and co-workers,66 in the TEGDME/LiTfO electrolyte one may
expect an high solvent occupation in the Li+ solvation shell. On the
contrary, the model predicts a high anion occupation of the Li+ sol-
vation shell in the DME/LiTfO electrolyte. On this basis one may
speculate about the possible enhancement of the solution mediated
Li2O2 growth mechanism in the DME/LiTfO electrolyte, compared
to the TEGDME/LiTfO, that may lead to an increase of the overall dis-
charge capacity.9,66 However, a detailed analysis of this phenomenon
is beyond the scope of this article.

It is important to underline that the here shown performance is far
from those observed for carbon electrodes.10,31 However, our goal is
not to develop carbon-free application-ready electrode materials for
Li-O2 batteries, but to investigate the electrochemical/chemical sta-
bility of the electrolyte solutions on carbon-free electrodes. In this
view our Au@Ni positive electrode material is a satisfactory com-
promise between a reasonable electrochemical response and a model
electro-catalytic system for Li-O2 reaction mechanism studies.

The voltage profiles in discharge/charge cycles of the Au@Ni
with the TEGDME-based electrolyte (Figure 1c) show the expected
reversible electrochemical response. The discharge plateau in the first
discharge occurs at 2.5 V while all the next ones at 2.7 V, thus sug-
gesting a possible increase of the catalytic activity upon cycling. On
the contrary, large and increasing overpotentials occur in charge lead-
ing to an incomplete reversibility of the processes. In fact, whereas
the discharge capacity in all the 5 cycles reached the 0.1 mAhcm−2

limitation, the corresponding charge capacity drastically reduces from
the 1st to the 5th cycle, reaching a Coulombic efficiency < 60% in the
fifth cycle. This different evolution of the overpotentials in the ORR
and OER likely originates from an asymmetric variation of the charge
transfer resistance of the two processes.

The cells with the DME-based electrolyte show a different behav-
ior. In the discharge/charge cycles (see Figure 1d), the first discharge
presents a plateau at 2.7 V while larger overpotentials occur in the
following discharges. A similar trend is also observed in the charge
profiles, thus leading to an overall capacity fading with a coulombic
efficiency between charge and discharge of 70–80% in all cycles. The
symmetric increase of the overpotentials upon discharge and charge
in the DME-based electrolyte may be attributed to a parallel increase
of the overall electrode resistance in both ORR and OER.

The capacity fading upon cycling for both electrolytes may be re-
lated to the accumulation of a mixture of reaction products (e.g. LiO2,
Li2O2, Li2O, Li2CO3 and possible complex organic by-products) on
the surface of the positive electrode upon discharge.21 Upon charge,
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Figure 1. Galvanostatic voltage profiles upon full discharge at 2.0 V for the (a) TEGDME-based and the (b) DME-based electrolytes. Voltage profiles in
discharge/charge cycles limited to 0.1 mAh cm−2 and between 2.0 and 4.1 V for the (c) TEGDME-based and the (d) DME-based electrolytes.

due to the low anodic voltage cutoff (i.e. 4.1 V vs. Li),7,21 the removal
of the reaction products, or by-products through oxidation to CO2, is
likely incomplete. Therefore, cycle-by-cycle, the electrode surface is
slightly passivated, thus leading to an increase of the charge transfer
resistance at the interface. On passing one may speculate that the dif-
ferent trends of the ORR and OER overpotentials in the TEGDME
and DME electrolytes may originate by possible different the reac-
tion mechanisms for the Li2O2 precipitation/dissolution, calling for
an inequivalent solvent degradation chemistries.

Post-mortem characterization of Au@Ni electrodes after dis-
charge and cycling.—The reaction products formed after full dis-
charge in Li-O2 cells in both electrolytes have been identified by ex
situ Raman spectroscopy, as shown in Figure 2.

Both Raman spectra highlight the precipitation of Li2O2 on the sur-
face of the Au@Ni electrodes recuperated from Li-O2 cells after dis-
charge to 2.0 V in TEGDME and DME electrolytes, thus confirming
the occurrence of the ORR in both cases. Moreover, the possible ac-
cumulation of Li2CO3 can be highlighted on the electrode discharged
in the DME-based electrolyte. This is a clue of the degradation of the
DME molecules upon reduction.

The morphology of the Au@Ni electrodes at the end of the dis-
charge at 2.0 V in both electrolyte is shown in the Figure 3 compared
to the pristine surface.

The morphology of the surface of the gold electro-catalyst is
strongly modified after full discharge at 2.0 V in both electrolytes:
dendrites are covered by round shaped particles, partially fused with
each other, of approximately 100–200 nm in diameter. These parti-
cles are likely constituted by the Li2O2 phase identified by Raman
spectroscopy.

Figure 2. Raman spectra of the Au@Ni electrodes recuperated from Li-O2
cells after discharge to 2.0 V in TEGDME and DME electrolytes. Broad bands
indicated by (∗) are possibly due to the LiTfO salt.

After 5 cycles at limited capacity the Au@Ni electrodes show a
different surface morphology depending on the used electrolyte as
shown in Figure 4.

The SEM micrographs of the Au@Ni electrodes after cycling show
a remarkable alteration of the electrode surface morphology both the
TEGDME (Fig. 4a) and the DME (Fig. 4b) based electrolytes. In fact,
in the case of the TEGDME LiTfO electrolyte the gold dendrites at the
end of the 5th charge are apparently clean but the surface is covered
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Figure 3. SEM micrographs of the Au@Ni electrodes: (a) pristine electrode; (b) after discharge to 2.0 V in a TEGDME-based electrolyte and (c) after discharge
to 2.0 V in a DME-based electrolyte.

by a dispersion of very small particles (bright spots in the Figure 4a).
On the other hand, the surface of the Au@Ni electrodes after cycling
in the DME LiTfO electrolyte is largely covered by a smooth material
that almost covers the gold dendrites (see the Figure 4b).

In both cases, the morphological alteration of the gold dendrites
film surface is compatible with the occurrence of parasitic reactions
involving the electrolyte degradation and precipitation of insoluble
by-products over the positive electrode surface.

In order to analyze the composition evolution of the Au@Ni elec-
trodes upon discharge and cycling in the two different electrolytes,
XPS spectra have been recorded for the pristine Au@Ni electrode, af-
ter the complete discharge at 2.0 V (D2.0 V) and after 5 galvanostatic
cycles between 2.0–4.1 V (D2.0-C4.1 V) both in the TEGDME and
DME based electrolytes.

The experimental spectra for C 1s region are shown in Figure 5;
assignments and fitting parameters are listed in Table I.

The spectra of Au@Ni pristine electrodes show the expected un-
avoidable presence of adventitious carbon species. As mentioned in
the Experimental section these peaks have been used as internal stan-
dard for BE scale referencing, and, assuming that their intensity is
constant throughout the different samples, they have been added unal-
tered to the fitting reconstruction of discharged and cycled electrodes
C 1s signals.

In the Au@Ni samples after discharge or cycling in the
TEGDME/LiTfO electrolyte, besides the components of the adventi-
tious species, the TEGDME and the TfO− anion likely chemisorbed
onto the electrode, additional lines due to carbonates and carboxy-
lates/formate/oxalate appear at 288.8 and 290.3 eV, respectively.
These signals are diagnostic of the occurrence of the degradation
of the TEGDME solvent molecules upon discharge and cycling. In

Figure 4. SEM micrographs of the Au@Ni electrodes after 5 galvanostatic
cycles in Li-O2 cells: (a) using a TEGDME-based electrolyte and (b) using a
DME-based electrolyte.

particular it is to be noted that the deep discharge to 2.0 V leads to the
precipitation of carbonates whereas the cycling leads to the accumu-
lation of a mixture of carbonates and other partially oxidized carbon
species.

A similar picture is obtained also for the Au@Ni electrodes dis-
charged and cycled in the DME/LiTfO electrolyte. At the end of the
discharge at 2 V, beyond the peak attributable to DME, the presence of
a signal at higher binding energy (290.4–290.6 eV) due to carbonates
and partially oxidized carbon species, demonstrates the oxidation of
the solvent. After cycling, these peaks slightly increase in intensity
compared to the adventitious carbon and the TfO− anion, calling for
a significant accumulation of reaction by-products along the 5 cycles.
Compared to the TEGDME degradation the accumulation of degra-
dation by-products is apparently larger in the DME-based electrolyte
in agreement with the corresponding massive alteration of the elec-
trode reported in the SEM images (see Figs. 4a and 4b). Apparently,
our data suggest that the increase of the discharge specific capacity
observed in the case of the DME electrolyte occurs at expenses of a
larger degradation of the solvent molecules.

The Li 1s regions of the XPS spectra in shown in the supplementary
material (see figure S5). The Li 1S spectra of the electrodes discharged
and cycled with two LiTfO/TEGDME and LiTfO/DME electrolytes
show similar features. As expected, no Li signals can be detected in
both the pristine spectra. After discharge, the spectra show broad Li 1s
signals, caused by the Li2O2 phase identified by Raman spectroscopy
and likely convoluted with other features originated from additional
lithiated species. In both DME and TEGDME cases, the overall spec-
tral intensities of the Li 1s region are too small and noisy to try any
spectral reconstruction and fitting. According to literature,21 Li2O,
Li2O2 and LiTfO can be identified at increasing BE (see also Table
I). The possible presence of lithium carbonate Li2CO3 should also be
taken into account, in agreement with the findings of many research

Table I. Binding energy positions (BE) and full widths at
half maximum (FWHM) values and the assignments of the
experimental XPS spectra. FWHM values are only given for the C
1s region.

Peak BE (eV)/FWHM (eV) Assignments

C 1s 285.2/1.3-1.5 Adventitious (aliphatic C)
286.2/1.3 Adventitious (alcohols, ethers)
288.8/1.3 Adventitious (carboxyl)

287.3-287.6/1.5 C-O, TEGDME and DME
288.7-288.9/1.4 -COO-, -COOH-, -C2O4
290.2-290.4/1.4 -O(C = O)O- carbonate
293.2-293.4/1.4 -CF3 in LiCF3SO3

Li 1s 55.4 Li2O
56.2 Li2O2
56.8 in LiCF3SO3
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Figure 5. XPS spectra of the C 1s region of the Au@Ni electrodes as prepared (pristine), discharged at 2.0 V (D2.0 V) and after 5 discharge/charge cycles (D2.0
V-C4.1 V) for the TEGDME (a-b-c) and DME (e-f-g) based electrolytes.

groups7 and our Raman evidence for the DME electrolyte. However
the lack of a unique reference value for the Li 1s peak of the lithium
carbonate makes its identification sluggish. After 5 discharge/charge
cycles, an almost negligible Li 1s signal can be detected in both cases,
compatible with the oxidation of deposited lithiated species.

Turning to the other XPS regions, it is interesting to observe the
lack in the F 1s XPS region of any feature at about 685 eV possibly
attributed to the precipitation of LiF69 (see the figure S6 in the supple-
mentary material). This degradation by-product has been observed by
Marchini et al.33 in LiPF6/DMSO electrolytes and it is a direct probe of
the hydrolysis/degradation of the fluorinated lithium salt initiated by
water traces in the electrolyte. In our case, its absence is a direct clue
of the stability of the TfO− anion upon discharge and cycling. This
evidence is in agreement with the larger covalency of the C-F bond
compared to the P-F bond,70 and thus less prone to hydrolysis The
stability of the triflate anion upon cycling in Li-O2 cells is also nicely
highlighted by the constant position of the peaks in the F 1s and the S
2p XPS regions at 689.5–690 eV and 169.5–170 eV, respectively.21

In summary, our XPS results highlights that both TEGDME- and
DME-based electrolytes participate to a complex and slightly different
degradation chemistry upon discharge and charge. In both cases the
degradation involves the solvent molecules whereas the triflate anion
is stable. Our findings are in agreement with the literature consensus
for carbon-containing positive electrodes about the ether degrada-
tion chemistry in Li-O2 cells.7,28,59,60,71 Our observations nicely com-
pare with the results by FT-IR reported by Peng et al. on C-free
gold electrodes recuperated after cycling using the slightly differ-
ent LiPF6/TEGME and LiPF6/DME electrolytes.41 In particular Peng
et al. highlighted the accumulation upon cycling of carbonate- and
carboxylate-group containing chemical species in both electrolytes
and also observed a smaller parasitic reactivity of the TEGDME elec-

trolyte compared to the DME. Apparently our findings confirm their
results with a different technique also in the case of the LiTfO/DME
and LiTfO/TEGDME electrolytes. One may also recall that the accu-
mulation of carboxylate and carbonate organic by-products originated
by the degradation of ether solvents agrees with chemical degradation
model outlined by us in a previous publication,22 based on computa-
tional thermodynamic predictions.

In the case of the degradation of the TEGDME-LiTfO electrolyte
a comparison with our previous results already published for car-
bonaceous electrodes is straightforward.21 Apparently two relevant
differences can be highlighted in the evolution of the electrode sur-
face composition in the C 1s region of the XPS spectra:

1. The strong reduction of the magnitude of the carbonate compo-
nent (relative to the adventitious species) at 290–290.5 eV at the
end of discharge at 2 V, on the Au@Ni electrodes compared to
the carbon electrode;

2. The absence of relevant alterations of the “defective graphitic
carbon” components at about 285–285.5 eV on the Au@Ni elec-
trodes compared to the carbon electrode both upon discharge and
charge.

One may suggest that both these differences are clues of an addi-
tional degradation chemistry that directly involve the carbon electro-
catalyst. This speculation agrees with the alteration of the carbon
electro-catalyst nanoparticle morphology observed by us after cycling
in Ref. 21,35.

The onset degradation reaction of the DME molecule in Li-O2

cells.—As already mentioned the reaction products observed by XPS
for both DME and TEGDME electrolytes (see the Figure 5) nicely
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Table II. Standard Gibbs energy of reaction at 298.15 K of various C-H cleavage reactions for the DME molecule in the Li-O2 environment.

Stoichiometry �rG◦
298K (±4) kJ mol−1

Homolytic C-H cleavage R1 122

R2 129

R3 33

R4 40

Heterolytic C-H cleavage R5 122

R6 128

match with the chemical reaction model developed by us for the degra-
dation of DME in Ref. 22 based on DFT thermodynamic predictions
and with the previous one proposed by Nazar et al.8 We predicted a
complex degradation mechanism driven by the extremely favorable
thermodynamics of the formation of formates/acetates/carbonates and
anhydrides through the chemical oxidation of the DME molecules
by molecular oxygen and superoxide anion. Our model assumed as
onset reaction the homolytic H-abstraction from the ether molecule
due to a nucleophilic attack from superoxide anions. In the Ref.
22 our choice was made in consideration of the general literature
consensus.7,60,71 In fact, although the C-H bond cleavage can follow
different reaction paths (i.e. oxidative instability, surface mediated
decompositions or nucleophilic attacks from the peroxide anion on
acidic sites on the target molecule)20,72,73 in the ether-based Li-O2

cells the nucleophilic attack by the superoxide anion is commonly
recognized as the most detrimental, being LiO2 the first intermedi-
ate discharge products identified in the electrochemical reduction of
molecular oxygen.7,15,20,53,71–73

Very recently the formation of singlet oxygen molecules upon dis-
charge and charge in Li-O2 cells has been proven experimentally57,74

and has been put in direct correlation with the parasitic reactivity upon
cycling. In the view of this remarkable evidence, it is important to eval-
uate the reaction thermodynamics and the kinetic energy barriers of the
onset reaction of degradation paths involving this additional highly-
reactive molecule. Here we illustrate preliminary computational data
concerning the onset reaction for the model DME molecule with the
aim to update our general degradation scheme proposed in Ref. 22.

In the Table II the energetic predictions obtained by DFT calcu-
lations for the �rG◦ at 298 K of the computed C-H bond cleavage
reactions on the DME molecule are summarized.

Having in mind the possible competition between superoxide and
singlet oxygen molecules, the C-H bond cleavage may occur in a
Li-O2 environment by:

a. homolytic path initiated by the lithium superoxide, i.e. LiO2,
(reactions R1 and R2) or by the singlet oxygen molecule, i.e.
1O2, (reactions R3 and R4);

b. heterolytic path initiated by the singlet oxygen molecule, i.e. 1O2,
(reactions R5 and R6) or from the

Our calculations suggest a positive Gibbs energy of reaction at 298
K for all the computed reactions. However, the nucleophilic attack by
the singlet oxygen molecule toward the slightly acidic C-H bonds
vicinal to the ethereal oxygen (reactions R3 and R4) show a much
smaller �rG◦ compared to all the other considered processes. The
equilibrium constants for the nucleophilic attacks from the singlet
oxygen molecule are ∼10−6 and ∼2•10−7 for reactions R3 and R4,
respectively: these two values are more than 1015 larger compared to
all thermodynamic constants for the other reactions.

From the kinetic point of view Bryantsev at al.60 observed a phe-
nomenological correlation between the predicted activation energy,
Ea, for the cleavage of the C-H bonds in a wide class of solvents
and their experimental chemical stability against KO2. The kinetic
energy barrier, i.e. Ea, is the difference in the total energy between
the predicted transition state and the reagents or a reaction and it is
by definition positive and larger in comparison to the corresponding
overall �rG. Bryantsev highlighted that only solvents with a Ea > 100
± 8 kJ mol−1 are stable in KO2 environments.

In this consideration, reactions R1, R2, R5 and R6 in the Table II are
expected to be kinetically inactive, being their corresponding Gibbs
energy of reaction >100 kJ mol−1. Turning to the other two processes,
our calculations predicts for reactions R3 and R4 activation energies
Ea of 111 ± 4 and 102 ± 4 kJ mol−1, respectively. Thus the activation
barrier of the nucleophilic attack toward the slightly acidic C-H bond
of the DME from the 1O2 is compatible with the phenomenological
threshold suggested by Bryantsev. It is interesting to observe that the
hydrogen extraction on the methoxy-carbon (R4) is kinetically more
favoured, and thus faster, compared to the homolytic C-H cleavage on
the ethoxy-carbon (R3). Although highly speculative and qualitative,
one may put this prediction in correlation with the larger degradation
chemistry observed experimentally for DME compared to TEGDME
(see above). In fact, the ratio between hydrogen atoms bonded to
methoxy-carbons and ethoxy-carbons is 1 and 0.25 for the DME and
TEGDME molecules, respectively.
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In summary, our calculations provide a thermodynamic confirma-
tion that the singlet oxygen molecule, unavoidably released as tran-
sient species in the Li-O2 cells, can play a key role in the cleavage of the
slightly acidic C-H bonds in the model ether DME molecule, being the
competitive onset reactions initiated by the LiO2 molecule kinetically
inactive. Overall, our calculations suggest that the C-H bond cleavage
likely leads to the formation of radical molecules. This prediction up-
dates and strengthen the general DME degradation reaction schemes
suggested by us in the Ref. 22 that identifies dimethyl oxalate, methyl
formate, 1-formate methyl acetate, methoxy ethanoic methanoic an-
hydride, and ethylene glycol diformate as final degradation products.
On passing it is interesting to underline that the formation of these
products is in nice agreement with the here discussed XPS results.

Further computational analyses of the degradation chemistry of
other ethers, such as TEGDME, or different solvents, e.g. DMSO or
ionic liquids, are needed to confirm the detrimental role of the singlet
oxygen molecule and also to understand the difference in mitigated
reactivity of TEGDME compared to the DME solvent.

Conclusions

In this work, we studied the chemical instability upon galvano-
static cycling of two common aprotic electrolytes in Li-O2 battery:
i.e. tetraethylene glycol dimethyl ether (TEGDME) and dimethoxy
ethane (DME) both with LiTfO as salt. To this aim nanostructured
Au films constituted of nano-dendrites have been grown on metallic
nickel foams (Au@Ni) through an electrochemical deposition reac-
tion. This material has been used as self-standing positive electrode in
Li-O2 cells. We performed ex situ Raman, X-ray photoemission spec-
troscopy and scanning electron microscopy analyses of post mortem
electrodes recuperated after operation in cell, in order to highlight
the accumulation of oxidized carbon species (i.e. carbonates, car-
boxylates, formates) over the electrode surfaces. Our experimental
approach allowed us to unequivocally highlight the degradation of
both TEGDME or DME in the Li-O2 environment without the parallel
reactivity of the carbon electro-catalyst. Our multi-technique results
provided for the first time detailed insights about the degradation of
these two electrolyte formulations on C-free electrodes and confirmed
the literature consensus obtained on carbon-containing electrodes. We
also coupled our experimental analysis with the thermodynamics pre-
dictions of the onset reaction of the degradation route of the model
DME molecule. Our calculations based on the DFT confirmed the
key-role played by the 1O2 molecule in the activation of the parasitic
chemistry and update our general degradation scheme for the DME
molecule.
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