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ABSTRACT: The development of nonaqueous Li−oxygen batteries, which relies on
the reversible reaction of Li + O2 to give lithium peroxide (Li2O2), is challenged by
several factors, not the least being the high charging voltage that results when carbon
is typically employed as the cathode host. We report here on the remarkably low 3.2 V
potential for Li2O2 oxidation on a passivated nanostructured metallic carbide (Mo2C),
carbon-free cathode host. Online mass spectrometry coupled with X-ray photo-
electron spectroscopy unequivocally demonstrates that lithium peroxide is
simultaneously oxidized together with the LixMoO3-passivated conductive interface
formed on the carbide, owing to their close redox potentials. The process rejuvenates
the surface on each cycle upon electrochemical charge by releasing LixMoO3 into the electrolyte, explaining the low charging
potential.

Rechargeable nonaqueous Li−O2 batteries have garnered
unprecedented interest in recent years due to their

outstanding theoretical energy density (∼3000 W h kg−1)1,2

that exceeds that of any other battery technologies. In its most
common configuration, the Li−O2 battery consists of a Li metal
anode separated by a Li+ conducting organic electrolyte from a
porous carbon cathode. Upon discharge, Li+ ions migrate
through the electrolyte to the cathode and combine with O2

− to
form LiO2, which then either electrochemically reduces or
disproportionates to Li2O2. The charge reaction follows the
reverse path, where the discharge product Li2O2 is oxidized to
generate O2 at the cathode. This occurs at a thermodynamic
potential of close to 3 V:3

+ + ↔ =+ − E2Li O 2e Li O ( 2.96 V)2 2 2 eq

The performance and rechargeability of Li−O2 cells rely heavily
on the cathode (positive electrode) material, where both
oxygen reduction (ORR) and evolution (OER) take place.4−6

Until very recently, carbon was the ubiquitous choice, but it has
been shown to exhibit a large overpotential for Li2O2
oxidation.7 Polarization results from reactivity of the carbon
surface with Li2O2 and/or the reactive intermediate, LiO2,

8,9 to
form a layer of insulating Li2CO3 at the interface. The latter
gives rise to cathode passivation, interfacial impedance, and
high polarization upon cell charging, which in turn promotes
electrolyte decomposition.10 Extensive efforts have been made
to find an alternative for carbon in the past few years. Materials
with good ORR properties, high conductivity, and high
chemical/electrochemical stability are emerging as feasible
cathodes for next-generation Li−O2 batteries. Among these,
nanoporous gold, which shows high efficiency for Li2O2
decomposition at a low overpotential, is very promising.11

However, it is clearly not suitable for practical applications.
Cathodes based on oxides such as semiconducting Co3O4

12,13

and V2O5,
14 and Al2O3-passivated carbon15 have been

employed to good effect, but these materials still present a
significant impedance to electron transfer. Recently, Thiotyl et
al. demonstrated nanocrystalline TiC as an efficient gas
diffusion cathode.16 It presents the qualities of metallic
conductivity in common with gold. Upon electrochemical
cycling, a passivating “TiO2-rich” surface layer is formed on
TiC, rewarding long-term cyclability by helping to inhibit
unwanted side reactions with the electrolyte or reduced oxygen
species. However, the difficulty in reproducing these impressive
results has baffled researchers in the field.17 Our previous
studies have shed some light on this by showing that OER upon
charging Li2O2 is directly related to the TiC cathode surface
properties.18 Oxidation of bulk (prefilled) peroxide is
completely inhibited when approximately 2−3 nm of insulating
TiO2 covers the metallic TiC surface as a native oxide, whereas
TiC that lacks this oxide layer, or in which the thin passivating
film is <2 nm, allows charge transfer and effective OER. Precise
control of the surface properties is thus of utmost importance.
This principle found further validation in a Li−O2 cell
employing metallic Ti4O7, where a stable conductive TiO2−x
interface is responsible for reversible Li2O2 formation/
decomposition.19 A majority of the oxygen release occurs
below 3.5 V versus Li+/Li, as demonstrated by online mass
spectrometry (OEMS).
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Herein, we identify the unusual surface chemistry responsible
for the behavior of nanoporous Mo2C, which forms a native
oxide (MoO2+δ) and yields an anomalously low overpotential in
a Li−O2 cell. Using OEMS and X-ray photoelectron
spectroscopic (XPS) analysis, we show that the conductive
oxide interface regenerates upon electrochemical cycling,
retaining the electronically conductive surface essential for the
effective charging of Li2O2 but at the expense of consumption
of the cathode.
Transition-metal carbides have attracted interest due to their

outstanding thermal and electrical conductivities and excellent
surface physiochemical properties arising from population of
their d-orbital states near the Fermi level that resemble noble
metals.20,21 β-Mo2C is one such material that is well-known for
its catalytic activity in a wide variety of reactions, such as
hydrodeoxygenation,22 hydrogen evolution,20 and CO2 con-
version.23 High surface area modifications prepared by thermal
treatment of inorganic−organic hybrid precursors have shown
promise in electrocatalysis.24 Such a strategy allows controlled
carbidization at the molecular level, leading to clean, nano-
structured materials that are better than bulk products derived
from thermal reduction of metal using hydrogen−hydrocarbon
gas mixtures that result in contamination with carbon.
We developed a new hybrid precursor mediated approach to

obtain elemental carbon-free nanostructured Mo2C, which is
crucial to investigate its carbon-independent ORR/OER
properties in nonaqueous Li−O2 cells. Briefly, anilinium
trimolybdate dihydrate [Mo3O10(C6H8N)2·2H2O] precursor
was precipitated from an aniline and ammonium tetramolyb-
date solution in water by adjusting the pH to ∼3−4 (see the
Experimental Methods section). X-ray diffraction (XRD) and
scanning electron microscope (SEM) characterizations of this

precursor are provided in the Supporting Information (Figure
S1a and b). The precursor was heat-treated at 800 °C under
flowing argon for 5 h to obtain β-Mo2C. The treatment
temperature was chosen based on thermogravimetric analysis
(Figure S1c, Supporting Information) of the precursor under
Ar, where two major weight loss segments (210 and 730 °C)
suggest formation of a stable phase beyond ∼750 °C. The as-
obtained Mo2C was subjected to controlled passivation with 1%
O2−Ar at 25 °C before exposing it to an ambient atmosphere
because nanometric carbides are highly pyrophoric.25 Partial
oxidation forms a thin film of metallic MoO2±δ on the outer
surface (see below), leaving the bulk of the material intact.
Formation of Mo2C was confirmed by XRD (Figure 1a).

Mo2C crystallizes in the β form with hexagonal ABAB packing
of the metal atom layers, as shown in the inset of Figure 1a.
XRD also reveals the presence of a small amount of α-MoC1−x,
formed as a result of incomplete carbidization. A Brunauer−
Emmett−Teller (BET)-specific surface area of 50 m2 g−1 was
obtained from the nitrogen sorption isotherm (Figure 1b). It
exhibits a type-IV hysteresis, indicating the presence of meso/
macroscale porosity. Barett−Joyner−Halenda (BJH) analysis of
the desorption branch of the isotherm revealed a pore size
distribution peaking at ∼3−4 nm. Further insight into the
morphology was obtained by SEM and transmission electron
microscopic (TEM) studies. SEM shows that the material
adopts a nanofiber morphology with bundled, stacked fibers of
average diameter ∼100 nm (Figure 1c and inset). The fibers are
comprised of loosely interconnected crystallites (∼10 nm
diameter) that lead to the porous architecture (TEM, Figure
1d). The porosity is a direct outcome of the thermochemical
synthesis, where molecular association between the inorganic
and organic components facilitates a near-homogeneous

Figure 1. (a) Powder XRD pattern of the passivated Mo2C nanofibers; the inset shows the arrangement of the Mo and C layers in the ab plane of
the hexagonal crystal lattice. Mo and C are shown as purple and brown spheres, respectively. (b) Pore size distribution obtained by BJH analysis of
the desorption branch of the N2-sorption isotherm (shown as the inset image). (c) SEM images of the Mo2C fibers. (d) Representative TEM image
of the fibers. (e) High-resolution TEM image showing the lattice fringes in the nanocrystallites constituting the fibers. (f) High angle-annular dark
field image (HAADF) of a region of a nanofiber with the electron energy loss spectroscopy (EELS) map of the constituent elements from the same
region. The scale bars in (f) are all 50 nm.
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carbidization process, leading to interconnected nanocrystal-
lites. TEM analysis did not show the presence of any carbon
particles on the Mo2C nanoparticles/fibers, and high-resolution
TEM (HRTEM) resolved the (100) and (101) Mo2C lattice
fringes (Figure 1e). The lack of bulk carbon was also
demonstrated by elemental mapping recorded of a single
nanofiber showing a uniform distribution of Mo, C, and O
(Figure 1f). The oxygen arises from the passivating
molybdenum oxide layer on the surface, as confirmed by X-
ray photoelectron spectroscopy (XPS, Figure S2 and Table S1,
Supporting Information). The surface of Mo2C is always
contaminated with Mo oxide species in fact,20,21 which are
formed during controlled passivation of the as-synthesized
material in our case. Accordingly, the Mo 3d XPS spectra of the
fibers were fit with a classic contribution of species ranging
from Mo0 to Mo6+, as previously described for Mo2C.

20,23 The
surface Mo species (Mo2+−Mo6+) exhibit an average oxidation
state of Mo4.1+ (i.e., MoO2+δ),

26 as summarized in the
quantitative analysis shown in Figure 2. Owing to the well-

known metallic properties of the underlying Mo2C and that of
the Mo suboxides, the active surface is expected to be highly
electrically conductive.27 Coordinatively unsaturated Mo states
on the Mo2C surface are thought to be responsible for its high
catalytic activity for dehydrogenation and electrochemical
hydrogen evolution.24 These metal centers are also expected
to have strong affinity for oxygen, thus favoring a surface-
mediated ORR process (see below). The one-dimensional β-
Mo2C fibers additionally possess key attributes such as enriched
mesoporosity, and a large surface area, whichalong with
offering abundant surface specific sitesfacilitate electrolyte
percolation and good charge-transfer kinetics.
The ORR and OER performance of the Mo2C was

investigated in nonaqueous Li−O2 cells (see the Supporting
Information for details). Two electrolytes were explored, 0.5 M
lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) in tetra-
ethylene glycol dimethyl ether (TEGDME) and 0.5 M LiClO4
in dimethylsulfoxide (DMSO). The latter was investigated
because of the better solubility of lithium superoxide in
DMSO,28 in order to explore its effect on the discharge capacity
and OER overpotential. Compatibility of the Mo2C cathode

with these electrolytes was established by discharging/charging
the cells at constant current under Ar. The TEGDME-based
electrolyte demonstrates good stability below 4 V, with
electrolyte oxidation commencing at ∼4.65 V (Figure S3a,
Supporting Information). DMSO, however, exhibits pro-
nounced parasitic processes upon charging above ∼3.6 V,
which start as low as 3.25 V (Figure S3b, Supporting
Information). Therefore, TEGDME was used for the XPS
investigation of the cycled cathode and for the quantification of
the oxygen reaction. Cells were discharged to 2.4 V at a
constant current density of 100 μA cm−2. The total oxygen
consumption was monitored with OEMS while the cell was
electrochemically discharged to a capacity of 0.5 mA h/cm2.
This provides a direct correlation between the oxygen
consumption and the coulometric process. Discharge of the
cell showed a linear decrease in the total amount of consumed
oxygen throughout the entirety of discharge. The ratio of moles
of electron passed to the moles of O2 consumed (e−/O2) is
2.05, close to the value of 2.0 expected for an ideal (2Li+ + O2
→ Li2O2) reaction (Figure 3a). Our value is comparable to the
value reported by McCloskey et al. for glyme-based electro-
lytes29 and suggests predominant formation of Li2O2 along with
a minor degree of side reactions. Quantification of the peroxide
content by iodometric titration was not possible because, unlike
carbon-based cathodes, the native transition-metal oxide
formed on the surface of the carbides participates in the
redox reaction with the liberated iodine that is the basis of the
titration. However, formation of Li2O2 upon cell discharge was
confirmed by ex situ XPS. The Li 1s peak at 54.9 eV
corresponding to Li2O2

30 characterizes the discharged cathode
(Figure 3b) and disappears upon charging the cell to 3.6 V.
Some Li2CO3 (Li 1s at 55.5 eV) remains on the surface after
charge, which we ascribe to electrolyte degradation.
The formation of Li2O2 is also signaled by the cycling profile

for the TEGDME-based cell that shows a typical ORR plateau
at 2.6 V vs Li+/Li (Figure 3c). A moderate discharge capacity is
delivered at 100 μA cm−2, and operating the cell at lower or
higher current densities (25−200 μA cm−2) has little influence.
Among many factors that may affect the capacity and rate
capability, the mechanism of O2 reduction and the resultant
product morphology play important roles.28,31,32 A dominant
surface pathway leads to obstruction of the active ORR surface
sites due to the growth of insulating surface films of Li2O2.
Thick films ultimately exhibit limited charge transfer.
Conversely, in a solution-mediated process that results in
crystallization of Li2O2 from solution as plates or “toroids”, the
active surface sites remain accessible for longer duration,
resulting in higher capacities. The morphology of the Li2O2,
probed by SEM, showed that in both TEGMDE and DMSO, a
film-like product is observed (Figure S4, Supporting
Information). The lack of platelets or crystalline aggregates
proves that a surface-mediated discharge process predominates.
The high ORR activity/strong O2 coordination of the Mo2C
surface may contribute to the surface reaction. Insulating Li2O2
film formation leads to a buildup of overpotential with
increasing discharge depth for TEGDME and hence low
capacity. Accordingly, DMSO as an electrolyte, known to
solvate lithium superoxide much more efficiently than
TEGDME, gave rise to a much higher discharge capacity of
∼1.8 mA h (Figure 3d). The average discharge voltage of 2.7 V
is indicative of less polarization and/or more efficient charge
transfer at the interface. The capacity of 1.8 mA h (600−700
mA h g−1 of carbide) is comparable to that observed for TiC

Figure 2. Quantitative representation of the Mo2C electrode surface
obtained from in-depth XPS studies of the pristine, discharged, and
charged cathode after galvanostatic discharge/charge in a Li−O2 cell
with 0.5 M LiTFSI-TEGDME as the electrolyte. The assigned
oxidation states of the Mo species are approximated in accord with
well-known values from the literature reported for Mo2C

21 and Mo
oxides as summarized in the XPS Handbook.26 See the Supporting
Information for additional details on XPS spectra and fitting.
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cathode materials utilized in Li−O2 cells under comparable
conditions, after accounting for the difference in mass of the
cathode host.16 Similar to that study, where a thin film of TiO2
was formed on the TiC surface upon discharge, we also observe
a change in the surface-passivating oxide in the Mo 3d XPS
spectrum. The increase in the average oxidation state to
∼Mo5.5+ indicates an interfacial reaction of the type

+ →δ+
x
2

Li O MoO Li MoOx2 2 2 3

(where x is ∼0.5 based on XPS analysis; Figure S2 and Table
S1, Supporting Information)
This reaction is thermodynamically driven by a negative ΔGf,

as is the reaction of Li2O2 with carbon, namely, Li2O2 +
1/2O2 +

C = Li2CO3, reported by McCloskey et al.9 The difference is
that the insulating, insoluble nature of Li2CO3 curtails charge
transfer and leads to high impedance upon charge. In contrast,
the electronically conductive properties of LixMoO3 and its
ability to readily form a colloidal dispersion at low values of x
lead to the opposite, namely, “self-cleaning” of the metallic
carbide surface, as described below.
The most notable feature of the discharge/charge profile of

Mo2C in TEGDME (Figure 3c) is the remarkably low charge
overpotential; approximately ∼90% of charge is apparently
complete by 3.5 V. The voltage (3.3 V) is even lower for
DMSO (Figure 3d). Removal of the Li2O2 film upon
subsequent charge is evident from the Li 1s XPS spectra (see
above) and also from the SEM images of the respective
cathodes (Figure S4, Supporting Information). The Mo 3d
core-level XPS spectra of the charged cathode shows that the
features and average oxidation state of the pristine material
(∼Mo4+, i.e., MoO2±δ) are largely recovered, indicating loss of
the oxidized Mo5.5+ component (Figures 2 and S2, Supporting
Information). Regeneration of the cathode interface upon
charge suggests that the interfacial electrical conductivity should
be regained, along with re-exposure of the catalytically active

unsaturated Mo states. The retention of the catalytically active
surface is evident from sustainable ORR and a low-voltage OER
process during extended cycling of the Li−O2 cell employing
both TEGDME- and DMSO-based electrolytes (Figure S5,
Supporting Information).
To fully understand the nature of the charge process, we

monitored gas evolution from the cell during oxidation using
OEMS cells with a larger surface area.9,29 The cells were first
discharged to a capacity of 1 mA h and then charged to
measure the evolution of gaseous oxygen (m/z = 32) and
carbon dioxide (m/z = 44). The results are shown in Figure 4
and are representative of multiple cells that were examined. At
the onset of charge, O2 was evolved but not in the quantities
expected. Moreover, initial oxygen release was followed by its
diminution as charge progresses. The slight increase in O2
evolution at around 3.4 V (0.85 mA h) may be due to the
exposure of some residual Li2O2 that was initially occluded as

Figure 3. (a) Quantification of the oxygen consumption with respect to the charge passed during the discharge reaction in a Li−O2 cell employing
0.5 M LiTFSI-TEGDME as the electrolyte. (b) Li 1s region of the XPS spectra of the Mo2C cathode after galvanostatic discharge (i) and charge (ii)
using a LiTFSI-TEGDME-based electrolyte. Galvanostatic discharge−charge profiles of the Mo2C fiber-based gas diffusion cathode in Li−O2 cells at
a current density of 100 μA cm−2 with a 1.0 cm2 cathode using (c) 0.5 M LiTFSI-TEGDME and (d) 0.5 M LiClO4-DMSO electrolytes.

Figure 4. Online electrochemical mass spectrometry (OEMS) for the
cell employing a 2.0 cm2 Mo2C cathode in 0.5 M LiTFSI-TEGDME
during electrochemical charge of a cell predischarged to a capacity of 1
mA h (i.e., 0.5 mA h/cm2). The red, black, and blue curves depict
voltage variation, O2 evolution, and CO2 evolution, respectively,
during galvanostatic charge. A 2e−/O2 process would correspond to an
OER rate of 0.062 μmol/min. Cell charging was performed at 100 μA
cm−2 preceded by a 5 h rest period at OCV after discharge.
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other contaminants were stripped off (see below). A very small
amount of CO2 evolution was also observed at around 3.6 V,
resulting from the oxidation of electrolyte decomposition
products such as lithium acetate and formate.33 By combining
OER with the charge current, we calculated a ratio of (e−/
O2)chg, which is a measure of the Coulombic efficiency. The
value should be 2.0 if the only process upon charge is the
oxidation of lithium peroxide. Most studies show (e−/O2)chg ≈
2.4−2.6, which implies that some parasitic electrochemistry
occurs during the charging process.29 The TEGDME/Mo2C
cell exhibits an extremely high (e−/O2)chg ratio of 11.6,
however, indicative of an additional and major electrochemical
contribution. Similar results were observed in a DMSO/Mo2C
cell, except that lower OER was detected upon charge
compared to that of the TEGDME/Mo2C cell (Figure S6,
Supporting Information), hence resulting in a higher (>15)
(e−/O2)chg ratio.
This is explained by accounting for the fate of the LixMoO3

formed upon discharge. On the charge cycle, this material will
be oxidized to form LiyMoO3 (where y < x) because its redox
potential coincidentally falls in the same voltage region as that
of the Li2O2/O2 couple.34 It is well established that at low
values of lithium intercalation, LiyMoO3 readily disperses into
polar media to form deep blue colloidal solutions containing
exfoliated nanosheets of MoO3

y−.35 This process partially
“cleans” the surface. In accord, post-mortem analysis of cells
revealed a deep blue product in the separator/electrolyte
(Figure S7a, Supporting Information), with the color
intensifying upon each cycle of the cell. Energy dispersive X-
ray spectroscopy (EDX) analysis of the product clogged in the
glass fiber separator revealed a 1:3 atomic ratio of Mo/O, as
expected (Figure S8, Supporting Information; Li is not visible
by EDX). Chemical lithiation of MoO3 also confirmed the
characteristic deep blue color of lithiated MoO3 and its facile
dispersibility in TEGDME and particularly DMSO (Figure S7b,
Supporting Information). Thus, the competitive oxidation of
Li2O2 and LixMoO3 leads to the removal of much of the
passivating surface molybdenum oxide layer of the carbide, but
the surface becomes repassivated on each cycle upon reaction
with O2, Li2O2, or superoxide. Repeated cycling of surface
MoOx lithiation/stripping accumulates colloidal MoO3

y− in the
separator/electrolyte (Figures S7b and 8, Supporting Informa-
tion), resulting in a viscous electrolyte and ultimately shutting
down cell performance.
In conclusion, we demonstrate that high surface area

nanoporous Mo2C nanofibers, generated by a thermochemical
approach, are very active for aprotic ORR. Controlled surface
passivation results in their coverage with a nanometric layer of
conductive MoO2+δ, driving a dominant surface-mediated ORR
reaction in the Li−O2 cell that results in a film-like Li2O2
product. This passivates the surface and results in lower
capacity. TiC, on the other hand, forms a different, more
coordinatively saturated oxide16,18 (owing to the narrower
available range of Ti valence states) and thus operates by a
solution-mediated ORR mechanism32 at comparable current
densities. We further show that the complex surface chemistry
of ORR/OER materials for Li−O2 batteries can lead to
unanticipated results. First and foremost, the thermodynamic
instability of low-valent metallic carbides in the presence of
oxidizing species always leads to oxide passivation layers on
their surfaces. These layers can be benign and beneficial as for
TiC or Ti4O7 when the oxide (TiO2−δ) is conductive and stable
or lead to parasitic oxidation upon charge, as in the case of

Mo2C. Competitive oxidation of the passivating MoO2+δ
surface layer and its subsequent dissolution regenerates the
active cathode interface upon electrochemical charge, exposing
the conductive surface that also promotes Li2O2 oxidation at
low overpotential. However, that same competitive oxidation
also leads to very poor Coulombic efficiency and to the
accumulation of undesired products in the electrolyte upon
cycling. Second, our study shows the critical importance of
using OEMS to quantify OER and “real” rechargeability of the
cell in the face of potentially misleading electrochemical
reactivity (caveat lector). Finally, our results provide a predictive
analysis for development of Li−O2 host materials, strongly
suggesting that carbides such as W2C and VC will also not be
suitable owing to similar formation of surface oxides (ie,
WOx,V2O5−x) that are expected to have redox activity in the
same voltage range as Li2O2. On the other hand, an
understanding of the surface reactivity provides guidelines for
the search of new promising carbides and other materials that
may possess excellent cathode host properties.

■ EXPERIMENTAL METHODS

Synthesis of Mo2C Fibers. The Mo2C nanofibers were
synthesized by thermal decomposition of the as-synthesized
anilinium trimolybdate fibers at 800 °C under an argon flow
(see the Supporting Information for details). The Mo2C was
passivated under a 1% O2/balance argon flow for 4 h before
exposing it to ambient atmosphere.
Characterization. Powder XRD was carried out using a Bruker

D8 Advance diffractometer in Bragg−Brentano geometry with
CuKα (λ = 1.5405 A) radiation. SEM was performed on a LEO
1530 field emission SEM (FESEM) equipped with an EDX
attachment. TEM was conducted on an FEI Titan S/TEM
platform operated at 200 kV, where the elemental mapping of
Mo, C, and O was carried out using the EELS spectra imaging
function. Thermogravimetric analysis (TG-DTA) was per-
formed using a TA Instruments SDT Q600 in air at a heating
rate of 5 °C min−1. Nitrogen adsorption−desorption analyses
were performed at 77 K on a Quantachrome AUTOSORB-1,
first outgassing the sample for 12 h at 200 °C under vacuum.
XPS analysis was performed on a Thermo ESCALAB 250
instrument configured with monochromatic Al Kα (1486.6 eV).
The air-sensitive samples were transported to the spectrometer
in an Ar atmosphere and transferred into the chamber with less
than a 5 s exposure to ambient. All spectra were fitted with
Gaussian−Lorentzian functions and a Shirley-type background
using CasaXPS software. The binding energy values were all
calibrated using the adventitious C 1s peak at 284.8 eV.
Electrochemical Studies. Electrochemical properties were

assessed using hermetically sealed Swagelok-type cells,
assembled using 1.0 cm2 cathodes with Li metal foil as the
anode and a glass fiber membrane as the separator. Solutions of
0.5 M LiTFSI-TEGMDE or 0.5 M LiClO4-DMSO were used as
the electrolyte. Galvanostatic cycling was performed using a
BT2000 battery cycler (Arbin Instruments). The current
densities reported in this work are based on the geometric
electrode area.
Online Electrochemical Mass Spectrometry (OEMS). The

residual gas analysis was performed using a modified version
of an OEMS apparatus reported by Tsiouvaras et al.,36

employing 2.0 cm2 stainless steel mesh electrodes. The e−/O2
values were determined from the total accumulated amount of
O2 by comparison to the coulometric capacity.
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