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ABSTRACT: Superoxide based metal−air (or metal−oxygen) batteries,
including potassium and sodium−oxygen batteries, have emerged as
promising alternative chemistries in the metal−air battery family because
of much improved round-trip efficiencies (>90%). In order to improve
the cycle life of these batteries, it is crucial to understand and control the
side reactions between the electrodes and the electrolyte. For
potassium−oxygen batteries using ether-based electrolytes, the side
reactions on the potassium anode have been identified as the main cause
of battery failure. The composition of the side products formed on the
anode, including some reaction intermediates, have been identified and
quantified. Combined experimental studies and density functional theory
(DFT) calculations show the side reactions are likely driven by the
interaction of potassium with ether molecules and the crossover of
oxygen from the cathode. To inhibit these side reactions, the incorporation of a polymeric potassium ion selective membrane
(Nafion-K+) as a battery separator is demonstrated that significantly improves the battery cycle life. The K−O2 battery with the
Nafion-K+ separator can be discharged and charged for more than 40 cycles without increases in charging overpotential.
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■ INTRODUCTION

In recent years, metal−air batteries, especially nonaqueous
lithium−air batteries (or Li−O2 batteries), have drawn
considerable worldwide research attention for future energy
storage applications because of the high theoretical energy
density (3505 Wh/kg).1−5 However, Li−O2 batteries, with the
formation of the insulating Li2O2 as the discharge product, are
plagued by electrolyte and the carbon cathode instability in
addition to a low round-trip power efficiency (<60%) resulting
from high charging potentials (>4.0 V vs Li+/Li).6−8 In
contrast, superoxide based batteries, namely potassium−oxygen
(K−O2) and sodium−oxygen (Na−O2) batteries developed by
our group and the Adelhelm group, display much improved
round-trip efficiencies (greater than 90%) in the absence of any
electrocatalysts.9,10 Instead of forming peroxide species during
discharge, K−O2 and Na−O2 batteries stabilize the superoxide
intermediate to generate potassium superoxide (KO2) and
sodium superoxide (NaO2). The improved electronic con-
ductivity of KO2 reported in previous literature

11 should help to
eliminate the problem of charge transport as observed in Li−O2

batteries.12,13 More importantly, the quasi-reversible one-
electron redox reaction (O2 + e− ↔ O2

−) is characterized by

fast charge-transfer kinetics and low overpotentials9,14,15 which
are particularly beneficial during the charging process. Despite
of lower specific energy densities compared to Li−O2 batteries,
metal−air batteries based on superoxide products provide
promising solutions for energy storage applications where
efficiency and cost are more significant than weight concerns, as
in smart grid and renewable energy storage applications.
Although the concept of superoxide based batteries with high

round-trip efficiencies has been demonstrated, continuous
overpotential increases were observed and the batteries
displayed limited cycle lives.9,15,16 In our study, the insulating
surface layer formed on the potassium anode of K−O2 batteries
employing ethers as the solvent was suspected to be the
primary reason for battery failure since the replacement of the
anode restored the initial small discharge/charge potential gap9

and extended battery life. The surface layer on the K anode,
which is analogous to the solid-electrolyte interface (SEI) layer
in lithium-ion batteries (LIB), assumes the role of metal cation
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conduction.17 Although the formation of a thin SEI layer on
graphite in LIBs has proven to be important for stabilizing the
anode, the apparent overgrowth of the surface layer on K
anodes due to side reactions may result in suppressed ion
transport. This increases the battery internal resistance and
ultimately leads to battery failure. The side reactions can also
deplete the electrolyte and the metal anode, inhibiting long-
term battery operation.
In spite of the urgency to overcome the problems induced by

the anode surface layer to increase battery cycle life, a detailed
understanding of the formation mechanism of the surface layer
is obscured by the complicated nature of the system. The highly
reductive potassium metal is known to have reactions with
ether molecules which results in electrolyte decomposition.18,19

Additionally, the crossover of O2 molecules to the anode could
have a substantial impact. In recent studies of Li−O2 batteries
with ether electrolytes, similar phenomena have been reported.
Shui et al. used in situ X-ray diffraction to reveal a continuous
accumulation of LiOH on Li metal anodes during both
discharge and charge processes.20 Assary et al. have studied the
influence of oxygen crossover on the Li anode which showed
the existence of carbonate and carbonyl species along with
LiOH.21 The mechanism of decomposition of ether molecules
on the Li anode was proposed on the basis of DFT calculations;
however, insight into the surface layer growth is greatly limited
by the lack of a detailed compositional analysis.
Here, a detailed analysis of the components for the anode

surface layer in K−O2 batteries is provided with supporting
theoretical DFT calculations to verify the proposed decom-
position reaction pathways. Considering the shared high
reducing characteristics of alkali metals, it is hoped that this
study would also provide insight on the anode behavior in Li−
O2 and Na−O2 batteries. Moreover, in order to restrict the
crossover of species between the anode and the cathode, a
polymeric ion-selective membrane (Nafion-K+) was incorpo-
rated into the cell design and was found to largely improve the
battery cycle life.

■ EXPERIMENTAL SECTION
Preparation of Nafion-K+ membrane. Ion selective

membranes were prepared using a previously reported method
with modifications.22 To exchange the original cation (H+) of
Nafion to K+, Nafion 211 membranes (25 μm thickness,
DuPont) were heated in a 0.5 M KOH solution of dimethyl
sulfoxide (DMSO) (>99.9%, Sigma-Aldrich) and water
(volume ratio=1:1) at 60 °C for 2 h. The residual solvent
and KOH were removed by stirring the membrane in distilled
water at 90 °C for 2 h. The Nafion-K+ membranes were dried
under vacuum at 100 °C overnight and then soaked for ∼12 h
in the battery electrolyte before use.
Cell assembly and tests. Swagelok cells were constructed

by stacking a potassium anode (99.5%, Sigma-Aldrich), two
glass fiber separators (300 μm thickness, GF/A, Whatman)
with a piece of as-prepared Nafion-K+ membrane sandwiched
in-between, and a porous cathode under high purity Argon. For
surface layer composition analysis on the potassium, P50
carbon paper (14 mm diameter, AvCard) was used as the
cathode and the Nafion-K+ membrane was omitted from the
cell construction. The electrolyte used was 0.5 M KPF6 (99.5%,
Sigma-Aldrich) in 1,2-dimethoxyethane (DME) (Novolyte).
The battery was sealed by Viton O-rings except at the gas inlet.
Solvents and oxygen gas (99.993%, UHP) are further dried by
molecular sieves (3A, Sigma-Aldrich) before use in the battery

tests. The batteries were conditioned with O2 gas at 1 atm
pressure for 2 h before testing. Galvanostatic discharge/charge
tests were carried out using a Maccor test station (Model 4304)
or a MTI battery analyzer (BST8-MA) with the lower and
upper cutoff voltages set at 2.0 and 3.0 V (vs K+/K),
respectively. The current density used was 65 μA/cm2

(geometric area).
For battery cycle life tests, an oxygen electrode with Super P

carbon powder (kindly provided by Timcal) on a Ni foam
framework was used. Carbon loadings were approximately 10
mg and the electrodes were fabricated using a preparation
method previously described.9 No PTFE binder was included
to avoid possible interference with XPS characterization. The
discharge capacities were set to 0.6 mAh and the charging
processes were cutoff at 3.0 V (vs K+/K).

Characterization methods. Characterization of the anode
surface layer composition was performed after removing the
surface layers following either full battery discharge to 2.0 V or
after 4 discharge/charge cycles to 0.6 mAh discharge capacity.
Raman and attenuated total reflectance infrared (ATR-IR)
spectroscopies were initially employed to characterize the main
components in the surface layer. The Raman spectra were
collected on a Raman spectrometer (inVia, Renishaw) with an
excitation wavelength of 633 nm (laser power 6 mW) using an
airtight sample holder with a quartz optical window. The
infrared data were obtained by using an ATR-IR spectrometer
equipped with a diamond window (PerkinElmer, Frontier)
inside a glovebox. The ratio of KOH to K2CO3 was determined
by comparing the area ratios of the absorption peaks at 3500
cm−1 (from KOH) and 1400 cm−1 (from K2CO3) versus a
calibration curve. The calibration curve was generated from
measurements of KOH (99.99%, Sigma-Aldrich) and K2CO3
(99.99%, Sigma-Aldrich) powder mixtures with different molar
ratios.
The surface layer samples were then dissolved in D2O

(99.9%, Sigma-Aldrich) for 1H, 13C and 19F nuclear magnetic
resonance (NMR) measurements on a 400 MHz NMR
spectrometer (Bruker, Avance III). To quantify the organic
side products in the surface layer, a known amount of DMSO
was added as an internal reference. As no apparent fluoride
decomposition species were found from the 19F-NMR spectra,
a known amount of KF (>99.99%, Sigma-Aldrich) was added to
quantify the content of residual KPF6 in the surface layer. D2O
was also used to extract species remaining in the battery
cathode after cycling for 1H NMR tests following similar
procedures.
The amount of potassium superoxide was determined by a

method reported in previous literature.15 Portions of surface
layer samples were first reacted with water, and the
concentration of H2O2 generated was quantified based on the
UV−vis absorbance (Lambda 950 Spectrometer, PerkinElmer)
after adding diluted Titanium(IV) oxysulfate (TiO(SO4))
solution (∼2%, Sigma-Aldrich). According to the reaction eqs
1 and 2, the amount of KO2 was calculated.

+ → + +2KO 2H O 2KOH H O O2 2 2 2 2 (1)

+ → ++ −TiO(SO ) H O [Ti(O )] SO H O4 2 2 2
2

4
2

2 (2)

The D2O solutions of the surface layer samples used for
NMR tests were then titrated using 0.01 N HCl solution
(Sigma-Aldrich). The titration curves were plotted by
monitoring the change of pH values with a pH meter (Acron
ion 6, Oakton) vs HCl amount. The total amount of HCl
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consumed was used to quantify the respective amounts of KOH
and K2CO3 in the surface layer given the stoichiometric
relationships of the following reactions.

+ → +KOH HCl KCI H O2 (3)

+ → + +K CO 2HCl 2KCI H O CO2 3 2 2 (4)

− + → − +R COOK HCl R COOH KCI (5)

−(R: CH , H or CH O CH )3 3 2

Note, the amount of KO2, HCOOK, CH3COOK, and
CH3OCH2COOK as well as the ratio of KOH to K2CO3 are
known from previous measurements.
Analysis of the gas phase reaction products between

potassium and DME were carried out using the headspace
gas chromatography−mass spectrometry (GC-MS) method on
a Thermo Scientific DSQ-II GC-MS system. The electrolyte
solution (0.5 M KPF6 in DME) was prepared by bubbling Ar
gas to remove residual dissolved O2 before mixing with small
pieces of potassium metal and molecular sieves. The mixtures
were stored in septum-sealed vials for 1 week prior to analysis.
Molecular sieves were utilized to prevent scavenging of
potassides and solvated electrons by any H2O generated during
the reaction process. A gastight syringe (Pressure-lok glass
syringe, Vici) was used for headspace sampling and 5 μL of the
gaseous samples were injected directly into the GC column
(Restek Rtx-5MS), which separated the gaseous reaction
products from the DME vapor for MS analysis (electron
impact ionization (EI) mode, 70 eV).
X-ray photoelectron spectroscopy (XPS) analysis of the

carbon powder in the cathode after the battery cycle life testing
was performed to probe possible changes to the carbon surface.
The carbon powders inside the Ni foam framework were
dispersed in DME by sonication. The suspension was then
drop-cast onto a clean Si wafer inside a glovebox and the DME
was allowed to evaporate before analysis. The sample was
transferred from the glovebox to the XPS chamber using an
airtight transfer module. The spectra were collected on a Kratos
Axis Ultra XPS spectrometer using monochromatic Al Kα
radiation. An electron flood gun was used for the test to avoid
possible surface charging problems. All spectra were calibrated
by referencing the C 1s peak position of the C−C peak at a
binding energy of 284.8 eV. Spectra curve fitting was performed
using a combined Gaussian−Lorentzian profile after a Shirley-
type background subtraction using the CasaXPS program.
Computational methods. Density functional theory

(DFT) was used to model the electrochemical stability of
DME on the anode side in the presence of O2. The 6-31G
+(d,p) basis set was used and the zero point vibration energy,
enthalpy, and Gibbs free energy (at 298.15 K, 1 atm) were
calculated at the level of B3LYP/6-31+G(d,p) using
Gaussian09 code.23The Polarizable Continuum Model
(PCM) at the B3LYP/6-31+G(d,p) (or B3LYP/6-31+G**)
level was used to calculate the free energies of solvation for the
reaction species at the optimized geometries. To mimic a DME
environment in solution phase, a dielectric constant (ε) of 7.2
was used in all PCM calculations. The transition state of the
reaction was first located and then judged by the intrinsic
reaction coordinate (IRC) algorithm as implemented in the
Gaussian09 code. The reduction potential (E0) of the
electrolyte (i.e., DME solvent) relative to K+/K reference
electrode was determined by using

E0 = (ΔG(298K)
solution/nF) − 1.53 V, where ΔG(298K)

solution is the free
energy change during the reduction process, n is the number of
electron transferred, and F is Faraday’s constant.

■ RESULTS AND DISCUSSION
Side Reactions at the Potassium Metal Electrode.

During initial battery testing, replacing the potassium anode
was found to provide additional capacity as shown in Figure 1.

The initial discharge with a P50 carbon paper cathode delivered
a capacity of 630 mAh/gcarbon. After discharge, a yellow surface
layer was observed on the anode surface (see inset of Figure 1).
After the potassium anode was replaced, an additional capacity
of 230 mAh/gcarbon was obtained. This infers that the growth of
the anode surface layer was the main reason for the potential
decay observed at the end of the original discharge step. Similar
behaviors were observed for battery cycle tests: although larger
discharge/charge voltage gaps were observed with increasing
cycles, small voltage gaps (charge/discharge overpotentials)
could be restored after the potassium anode was replaced. To
obtain insight into the potassium surface layer formation
mechanism, the yellow layer covering the potassium anode was
isolated for further analysis.
Raman and ATR-IR were employed to characterize the main

components of the potassium surface layer. The anode surface
layer sample obtained after cycling displayed a strong Raman
signal from KO2 (1143 cm

−1) along with vibrations from KOH,
K2CO3 and KPF6 (Figure 2a). ATR-IR (Figure 2b) also proved
that aside from KO2, the main species in the surface layer are
KOH, K2CO3 and KPF6. Similarly, LiOH and Li2CO3 were
shown to be the main decomposition products on the anode in
the Li−O2 battery case.

21 The depletion of solvent as a result of
decomposition and evaporation could precipitate out KPF6 and
thus is the postulated source of this signal. The formation of
KO2 (yellow color crystals) is likely due to the crossover of O2
molecules from the porous cathode and its subsequent reaction
with potassium. The quantification of KOH and K2CO3
content in cycled samples was carried out following the
procedure described previously. A similar surface layer of about
300 μm thick was observed on the potassium surface soaked in
the electrolyte under O2 atmosphere for 24 h (see Figure S1 in
the Supporting Information). It is worth noting that exactly the
same species in the sample obtained after potassium aging in

Figure 1. Voltage−capacity curve for a K−O2 battery discharged to 2.0
V. (Blue line indicates the resumed discharge process with the
replacement of the K anode. The inset pictures show the change of the
anode after test.)
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the electrolyte solution were observed by Raman and IR as with
the samples obtained after battery cycling. While a detailed
quantification of the aged sample surface layer composition was
not performed due to limitations of sample quantity, the
relative Raman signal intensities of KO2, KOH and K2CO3 in
the aged sample were lower compared to the cycled sample.
This result implies that the growth of the anode surface layer is
a spontaneous process and is independent of charging or
discharging the potassium anode. A more detailed discussion is
provided in the following sections.
In addition to the inorganic species detected, the identities of

organic side products were verified using NMR spectroscopy.
As shown in Figure 3a, in the D2O solution of the surface layer
sample, potassium formate (HCOOK; δ = 8.44 ppm, singlet),
potassium acetate (CH3COOK; δ = 1.90 ppm, singlet),
potassium methoxide (CH3OK; δ = 3.34 ppm, singlet) and
potassium methoxyacetate (CH3OCH2COOK; δ = 3.85 ppm,
singlet, -OCH2−COOK; δ = 3.35 ppm, singlet, CH3O−)
together with residual DME were identified. The 13C NMR
spectrum of the D2O solutions (Figure 3b) also verified the
existence of K2CO3 and a small amount of potassium formate.
Furthermore, a signal mostly likely from potassium oxalate
(K2C2O4) was detected at δ = 173.4 ppm. Potential signals
from other species may be too weak to be observed from 13C
NMR. The 19F-NMR spectrum only showed a signal from
KPF6 and no apparent decomposition from KPF6 was observed
(Figure 3c). The use of DME as a model ether solvent and the
NMR spectroscopy have made feasible the verification of all the

structures of side products on the potassium anode. The
identification of methoxyacetate and oxalate species has been
proved valuable for decomposition mechanism modeling.
The proton-containing species contained in the surface layer

were quantified by 1H NMR using DMSO as an internal
reference. A known amount of KF was added to the solution for
the quantification of KPF6 using 19F-NMR. However,
potassium oxalate was not quantified due to the limitations of
13C NMR and Raman/IR, which may be a source of error for

Figure 2. (a) Raman and (b) ATR-IR spectra of the metal surface
layers formed after aging in electrolyte under O2 atmosphere or battery
cycle test.

Figure 3. (a) 1H NMR (with DMSO reference), (b) 13C NMR, (c)
19F-NMR spectra of the anode surface layer in D2O solution after
battery cycle tests; (d) 1H NMR spectrum of extracts from the P50
carbon cathode in D2O solution after battery cycle tests (with DMSO
reference). All the species are written in the form after deuterium ion
exchange.
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the analysis. More details concerning the quantification
procedures can be found in the Experimental Section. As
shown in Table 1, the anode surface layers obtained from

battery cycle tests contain approximately 30−35 wt % KO2 and
KPF6, 45−55 wt % of the side products KOH and K2CO3, and
less than 5 wt % of proton-containing decomposition
intermediates. The results suggest that the decomposition of
DME on the potassium anode is a favored process. Addition-
ally, similar composition ratios were observed for batteries after
single full discharge tests. Due to the shorter times for discharge
vs cycling tests, KO2 and KPF6 comprise a larger weight
percentage of the layer composition and the decomposition
products (KOH and K2CO3) appear in relatively smaller ratios.
An accelerated film growth during battery testing compared to
the aging condition was observed and is likely due to the
dynamic formation of new potassium/electrolyte interfaces
during potassium electrodissolution and electrodeposition;
however, there is no clear evidence that electrolyte decom-
position is faster in either charge or discharge processes. The
unspecified 7−15 wt % mass in the surface layers may be due to
potassium oxalate, glass fibers from the separator, residual
DME, and/or from quantification errors because of the limited
sample amounts and methods employed. Also, it is worth
mentioning that although it is believed that the basic growth
mechanism of the surface layers are the same regardless of test
conditions, the exact composition of the anode surface layer
would be dependent on the specific test environment (O2
pressure, current density, battery configurations) and may
change when test parameters are varied.
Formation Mechanism of Side Products. As mentioned

earlier, the battery anode environment is complicated by the
presence of highly reducing potassium metal and crossover O2
molecules. The influences of both factors need to be taken into
account to interpret the anode side reaction mechanism. The
interaction of potassium with ether molecules was proposed to
be the side reaction initiator. Because of the chelating ability of
oxygen atoms in ether molecules to alkali metal cations
(especially potassium and sodium), metal dissolution are
known to occur in several solvents (e.g., DME, tetraglyme
and solvents with proper crown ethers24,25). The resulting
solutions show characteristic blue colors as shown in Figure 4a
for a DME solution and Figure S2 in the Supporting
Information for 18-crown-6 in THF and tetraglyme. It is still
unclear whether potassium anions (K−, known as potasside)
and/or solvated electrons are responsible for the blue color. It
was suggested in previous studies that the blue color of
potassium metal in ether solvents might be from potasside.26 In

our 39K-NMR and EPR test of the potassium solution in
tetrahydrofuran with 18-crown-6, signals of both potasside
species (δ=-96.4 ppm)27 and solvated electrons (g = 2.0017)26

(Figures S3 and S4 in the Supporting Information) were
detected along with the same blue color as in the potassium
solution of DME. However, because of the low solubility of
potassium in DME and tetraglyme as well as the unstable
nature of the active species,24 neither potasside nor solvated
electron signals were detected in these two solvents. It is
expected that the following equilibrium conditions exist in the
potassium-ether system, as proposed in previous literature.19

+ ↔ − +nM(s) L e , M Ln (6)

+ ↔− + − +M(s) e , M L M , M Ln n (7)

where L = DME, tetraglyme, crown ethers, etc.
Depending on the structures of ether ligands, potassium

cation concentration, and temperature etc., the shift of the
equilibrium species will favor either potasside or solvated
electron formation. In addition, it is quite possible that some
ether solvent molecules could be reduced and exist in anionic
form. Further study of the active species in alkali metal-ether
systems is ongoing and will be reported later.
The direct reductive cleavage of C−O bonds in ethers by

alkalids and/or solvated electrons has been reported in previous
studies.18,19 The detection of gas phase products (e.g., methane,
and ethylene as shown in Figure 4b) and solution phase

Table 1. Components in the Anode Surface Layer after
Battery Cycle or Discharge Tests (5 Individual
Measurements)

weight percentage (%)

after cycle tests after discharge

A B C D E

KO2 22.2 20.5 22.1 27.2 26.1
KPF6 10.7 9.7 12.9 13.4 15.4
KOH 44.3 48.0 42.9 41.2 39.5
K2CO3 5.2 6.0 8.0 5.9 6.3
organic side products 2.6 2.7 3.9 4.3 5.0
sum 85.0 86.9 89.8 92.0 92.3

Figure 4. (a) Color change of the K metal solution in DME with 0.5
M KPF6 before and after injection of dry oxygen gas. (b) GC-MS
detection of selected gasous phase components after reaction between
potassium and DME electrolyte under Ar or O2 atmosphere (m/z =
15, 16 attributed to fragments of methane molecules; m/z = 25, 26, 27
to fragments of ethylene molecules; m/z = 28 signal not selected
because possible N2 contamination during sample injection).

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am505351s | ACS Appl. Mater. Interfaces 2014, 6, 19299−1930719303



products (e.g., methoxide, 2-methoxy-ethoxide, ethoxide, etc.,
as shown in Figure S5 in the Supporting Information) after the
reaction of potassium with DME confirms that DME
decomposition can be induced through direct C−O bond
cleavage by highly reductive species. However, as shown in
Figure 4a, an immediate decay of the blue color in the
potassium-DME solution was observed when dry oxygen gas
was introduced into the system. This indicates a very fast
electron transfer process from the potassides and solvated
electrons to the O2 molecules which would also occur in the
working environment of K−O2 batteries. Moreover, as shown
in Figure 4b, the presence of O2 significantly decreases the
amounts of the characteristic gas side products (methane and
acetylene) generated from direct reductive C−O cleavage
reactions. This suggests that the observed side reactions on the
anode side are not mainly induced by potassides and solvated
electrons, but by the subsequent electron transfer to O2 and the
formation of superoxide (O2

−) anion radicals which sub-
sequently react. As discussed before, this process is
spontaneous and would lead to the generation of KO2 on the
anode surface under an O2 atmosphere (Figure 2a). On the
basis of this understanding, the decomposition reactions on the
anode will be accelerated in both discharge and charge
processes through the exposure of fresh metal surfaces (K
electrodissolution on discharge and electrodeposition on
charge). The rapid accumulation of the side products on the
anode would significantly hinder battery cycle life.
To probe the possible mechanism of DME decomposition

on the K anode in the presence of crossover O2 from the
cathode (especially the formation of KOH and K2CO3), we
used DFT calculations to assess the reductive stability of DME
as shown in Scheme 1. From the DFT calculations, the
computed reduction potential of DME in solution phase (ε =
7.2) is 1.26 eV relative to K, which suggests DME molecules
may be reduced on the potassium anode through interaction
with potasside or solvated electron species. O2 in the vicinity of
the anode is predicted to interact with the negatively charged
DME radical (A) to form complex (B) through a very
exothermic process quantified by an energy reduction of ∼2.8
eV. The oxygen-DME complex (B) results in the subsequent
energetically favorable reaction pathways as shown in Scheme
1. In contrast to O2

− anion radical attack on a neutral DME
molecule in solution, which is likely to be much slower
kinetically,28,29 there is no apparent barrier for the subsequent
C−O bond cleavage resulting from the DME-oxygen complex
derived from the reaction path A → B. For negatively charged

DME radicals (A), the extra electrons are localized at the
methylene carbon (−CH2−) sites thus making it a favorable
binding site for any incoming species with high electron affinity.
O2 binds to the DME radical and is reduced to superoxide
initiating C−O bond cleavage. Transition state (C) during C−
O bond breaking is also found to be thermodynamically
favorable with an energy reduction of 1.82 eV relative to O2 and
the DME radical. With this reaction pathway, the formations of
KOH and K2CO3 are both found to be thermodynamically
favorable through the formation of subsequent decomposition
complexes (D, E and F) which are of lower energy than the
initial reactant (A). From the intermediate dissociated complex
(F), the presence of hydroxide (OH−) can subsequently lead to
the accumulation of insoluble and insulating KOH at the
potassium anode surface if O2 crossover continues to proceed.
The experimentally observed K2CO3, potassium alkyl carbo-
nates, and potassium acetate are found to be secondary parasitic
reaction products after KOH (Table 1). The formation
mechanism of these species may proceed due to the presence
of decomposed fragments (e.g., alkoxy radicals and aldehydes)
resulting from further electron transfer reactions with super-
oxide ions, hydrogen abstractions, and reaction with incoming
solvated K+ and O2, as shown in Scheme S1 in the Supporting
Information. It is proposed that the crossover of O2 to the
anode plays a significant role in promoting the decomposition
of the DME electrolyte and the formation of the anode surface
layer.

Effect of Nafion-K+ Membrane on Battery Perform-
ance. As discussed above, oxygen crossover from the cathode
induces increased side product formation on the anode and
thus limits battery cycle life. The restriction of O2 crossover to
the anode (and DME anion radicals to the cathode) is expected
to improve K−O2 battery cyclability. To test this hypothesis, a
polymeric K+ ion-selective membrane (Nafion-K+) was placed
between the two glass fiber separators during cell construction.
As shown in Figure 5, a marked increase in cycle life was
observed between a battery with and without a Nafion-K+

membrane separator. Without the K+ ion selective separator,
the discharge/charge potential gap increased significantly
during the eighth and ninth cycles. In contrast, the Nafion-K+

separator largely improved the battery cycle life, although the
discharge/charge overpotential gap was increased to ∼0.3 V
due to the resistance of the membrane. However, the potential
gap was generally constant for more than 40 cycles. Moreover,
Coulombic efficiencies were increased to greater than 98% for

Scheme 1. Proposed Mechanism of DME Decomposition on the Anode Side with Oxygen Crossover
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the majority of the cycles (see Figure S6 in the Supporting
Information).
XPS spectra of the carbon powder utilized in the cathode

(Figure 6) reveal limited growth of carbonate and carbonyl
species from decomposition after 48 cycles compared to
pristine carbon powder (see Figure S7 in the Supporting
Information) indicating insulating species on the cathode were
not formed. This supports that the decay in discharge potentials
observed upon cycling is likely due to the formation of
unwanted anode surface layers suppressing K+ ion transport.
The growth of the anode surface layer may also explain the
voltage spikes observed upon charging, especially in later cycles.
More importantly, the lower level of electrolyte and carbon
cathode decompositions, as indicated by this cathode XPS
result, shows the advantage of K−O2 batteries compared to Li−
O2 batteries. In a recent study about Na−O2 batteries based on
NaO2, it was also shown that a clearly “cleaner” cathode
chemistry was observed in Na−O2 batteries than Li−O2
batteries.30 Instead of forming reactive LiO2 intermediates,
the formation of stable KO2 compound in K−O2 batteries
could reduce the decomposition of the electrolyte and carbon
cathode during the discharge process. Meanwhile, the low
overpotential needed for the charging process could prevent the
parasitic reactions induced by high positive polarizations, as
found in Li−O2 batteries.

7

A detailed mechanism for the cycling improvement observed
with the inclusion of the polymeric membrane is complicated
and will be discussed in a separate report upon further
investigation. However, possible explanations include reduced
oxygen crossover to the anode and restricted diffusion of anode
side products to the cathode as evidenced from the improved
Coulombic efficiencies (see Figure S6 in the Supporting
Information). However, K+ ion conduction in Nafion-K+

membranes, which is likely similar to the proton conduction
in a protonated Nafion membrane, still requires the aid of
solvent molecules. Thus, the diffusion of nonpolar oxygen
molecules is restricted, but not fully eliminated, by the
nanoporous structure within the Nafion-K+ membrane. Because
O2 crossover was not fully eliminated, a yellow anode surface
layer was still observed after battery cycling. Long-term
exposure of the anode to O2 molecules remains a significant
problem. Further development of K+ ion selective materials
(i.e., ceramic electrolytes) preventing oxygen crossover will
hopefully solve the problem and result in significantly improved
battery cycle life.

■ CONCLUSIONS
The surface layer growth on the potassium anode in K−O2
batteries is proposed to be the main factor limiting battery life.
By means of ATR-IR, Raman, 1H NMR, 13C NMR, 19F-NMR,
UV−vis, and volumetric titration, a detailed compositional
analysis of the surface layer after aging potassium in a DME
electrolyte and after battery operation was performed. The
results show that the surface layer compositions were similar
whether the anode was aged or cycled under battery conditions.
This implies that the growth of the surface layer is due to the
spontaneous interaction between the potassium metal anode,
the ether solvent (DME), and O2 molecules. Based on the side
products detected in the surface layer and theoretical DFT

Figure 5. Voltage profiles of discharge−charge cycles of K−O2
batteries (a) with a Nafion-K+ membrane, (b) without a Nafion-K+

membrane.

Figure 6. XPS spectra of the carbon powder in the cathode after the
48 battery cycles: (a) C 1s and (b) O 1s.
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calculations, an electrolyte decomposition mechanism on the
anode was postulated. The highly exothermic process of
electron transfer from a negatively charged DME radical to an
O2 molecule that has crossed over to the anode could induce
the cleavage of the C−O bonds in DME. The products
generated may further react with superoxide ions or oxygen
molecules to form the detected species in the anode surface
layer. Introduction of a polymeric cation selective membrane,
Nafion-K+, was found to improve battery cycle life by restricting
the crossover of O2 molecules to the anode and DME radicals
to the cathode. However, O2 crossover was not completely
eliminated and improved ion separation membranes must be
developed to further enhance long-term operation of K−O2
batteries.
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Rechargeable Li2O2 Electrode for Lithium Batteries. J. Am. Chem. Soc.
2006, 128, 1390−1393.
(3) Girishkumar, G.; McCloskey, B.; Luntz, A. C.; Swanson, S.;
Wilcke, W. Lithium−Air Battery: Promise and Challenges. J. Phys.
Chem. Lett. 2010, 1, 2193−2203.
(4) Bruce, P.; Freunberger, S. Li-O2 and Li-S Batteries with High
Energy Storage. Nat. Mater. 2011, 11, 19−29.
(5) Shao, Y.; Ding, F.; Xiao, J.; Zhang, J. J. G.; Xu, W.; Park, S.;
Wang, Y.; Liu, J. Making Li-Air Batteries Rechargeable: Material
Challenges. Adv. Funct. Mater. 2013, 23, 987−1004.
(6) Xu, W.; Hu, J.; Engelhard, M. H.; Towne, S. A.; Hardy, J. S.; Xiao,
J.; Feng, J.; Hu, M. Y.; Zhang, J. J.-G.; Ding, F.; et al. The Stability of
Organic Solvents and Carbon Electrode in Nonaqueous Li-O2
Batteries. J. Power Sources 2012, 215, 240−247.
(7) Ottakam Thotiyl, M. M.; Freunberger, S. A.; Peng, Z.; Bruce, P.
G. The Carbon Electrode in Non-Aqueous Li-O2 Cells. J. Am. Chem.
Soc. 2013, 135, 494−500.
(8) McCloskey, B.; Scheffler, R. On the Mechanism of Non-Aqueous
Li-O2 Electrochemistry on C and Its Kinetic Overpotentials: Some
Implications for Li-Air Batteries. J. Phys. Chem. C 2012, 116, 23897−
23905.

(9) Ren, X.; Wu, Y. A Low-Overpotential Potassium-Oxygen Battery
Based on Potassium Superoxide. J. Am. Chem. Soc. 2013, 135, 2923−
2926.
(10) Hartmann, P.; Bender, C. L.; Vracǎr, M.; Dürr, A. K.; Garsuch,
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