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The aprotic lithium-oxygen cell is based on the reversible reduction of oxygen on a cathode
host to form lithium peroxide, and has received much attention in the last few years owing to
its promise to offer increased electrochemical energy density beyond that provided by
traditional Li-ion batteries. Carbon has been extensively utilized as a host, but it reacts with
Li2 O 2 to form an insulating layer of lithium carbonate resulting in high overpotentials on
charge. Establishing a stable, and conductive interface at the porous cathode is a major
challenge that has motivated a search for non-carbonaceous cathode materials. Very few
suitable materials have been discovered so far. Here we report on the synthesis of the metallic
Magnéli phase Ti4O7 with a crystallite size between 10-20 nm, and show that a cathode
fabricated from this material greatly reduces the overpotential compared to carbon. Oxidation
of lithium peroxide on charge starts just above 3 V, comparable to gold and TiC, and the
majority (~65%) of oxygen release occurs in the 3-3.5 V window vs Li + /Li as determined by
on-line electrochemical mass spectrometry. Ti4 O7 is much lighter and lower cost than gold,
easy to prepare, and provides a controlled interface. X-ray photoelectron spectroscopy
measurements show that a conductive, self-passivating substoichiometric metal oxide layer is
formed at the surface which is important for stability.

promising owing to the inert nature of the noble metal and its
good ORR activity.11 It is clearly not suitable for practical
The aprotic lithium-oxygen cell (referred to as the Li-air battery) applications, however. Cathodes based on oxides such as
12-14
and Al2O3-passivated
has been the subject of much focus recently. This owes to its semiconducting Co3O4 and V2O5;
15
promise to offer increased electrochemical energy density per carbon have been employed to good effect, but these materials
1,2
still present a significant impedance to electron transfer. Most
mass beyond that provided by traditional Li-ion batteries.
Defined by the chemistry of the reversible reaction Li + O 2  recently, nanocrystalline TiC has been demonstrated by Thiotyl
16
Li2O2, the redox couple results in very high specific energy due et al to be an efficient gas diffusion cathode. It presents the
to the low atomic mass of both reactants and a favorable 3.0 V qualities of metallic conductivity in common with gold.
potential.3 The theoretical gravimetric energy density of 3,505 Furthermore, formation of a passivating “TiO 2 rich” surface
Wh/kg (based on Li2O2) is very attractive relative to layer on TiC was reported to be vital to the system’s cyclability
contemporary Li-ion cells that have comparable values near by preventing unwanted side reactions with the electrolyte or
400 Wh/kg, and speaks to the allure of electrified automotive reduced oxygen species. Metallic oxides might be expected to
transport with extended-range driving.4 Gravimetric energy be even more advantageous, as they offer the potential to
density will increasingly motivate battery development as combine excellent underlying bulk electron transport needed
future automotive designs allow for more sophisticated for an efficient cathode with a seamless oxide interface. The
accomodation of the battery volume. Practical values for Li-air latter provides necessary catalytic activity for oxygen reduction
batteries are estimated near 1000 Wh/kg, but realizing this and passivates the bulk against further reactivity while still
requires surmounting many challenges in the underlying facilitating electron transfer.
Amongst potential target conductive oxides, a series of
chemistry.2,3,4,5
One of the most prominent of these challenges is titanium based materials (Ti nO2n-1), popularly known as
developing a chemically stable porous cathode capable of Magnéli phases, are particularly promising candidates. They are
efficient oxygen reduction (ORR) and evolution (OER). 6, 7 much less costly and lower weight than nanostructured metallic
Carbon has been extensively utilized for this role, but recent ruthenium pyrochlores, for example, which have been shown to
17, 18
Magnéli titanates
studies show that a lithium carbonate layer forms upon reaction demonstrate good activity in a Li-O2 cell.
8, 9
at the interface with superoxide/peroxide.
This insulating have been considered as a potential conductive support in many
19-22
This owes to their high
layer impedes electron flow, creating an electrochemical electrochemical systems.
overpotential for oxygen evolution, driving up the voltage and conductivity and chemical stability even under highly
21-24
They combine the high conductivity
contributing further to electrolyte decomposition on charge. 9, 10 aggressive conditions.
25
22
It is now recognized that establishing a stable, and conductive of metals and the corrosion resistance of ceramics. Also, as
the
Magnéli
oxide
materials
are
only
mildly
reduced
vis a vis
interface at the porous cathode is of prime importance,
motivating the search for non-carbonaceous cathode materials the parent oxide, they are expected to be resistant to
2capable of efficient ORR. Few materials have been discovered nucleophilic attack by O 2 /O2 anions and to be promising
so far. Amongst these, nanoporous gold is one of the most candidates for good anodic stability in the OER potential
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window of interest. In this homologous series of oxide phases,
Ti4O7 has the highest electrical conductivity (~10 3 S cm-1) at
room temperature.25, 26 Creating an ultra-high surface area
modification of this ceramic is a considerable challenge,
however. It is generally synthesized from TiO 2 under controlled
reducing conditions at high temperatures using hydrogen,
carbon, and metals.27 High processing temperatures not only
lead to a lack of control in phase purity but result in dense low
surface area materials. The materials are therefore unsuitable as
cathodes in a Li-O2 cell, where high surface area, a large
number of active sites for ORR and a porous structure are
crucial for performance. 18, 28
With this in mind, we have developed a facile approach that
yields essentially carbon-free, high surface area, porous
nanocrystalline Ti4O7 at lower temperatures than established
reduction methods. We note that its carbon-containing analogue
prepared under dissimilar conditions and with different
precursors exhibits excellent properties as a cathode for Li-S
batteries, as recently reported. 29 The multiporous nano-Ti4O7
described here demonstrates reversible oxygen reductionevolution when employed as a gas diffusion cathode material in
Li-O2 cells, and a very low charge potential onset of 3.0 V vs.
Li+/Li. The majority (~65%) of oxygen release occurs in the
3.0-3.5 V window, which is comparable to oxygen evolution
from an Au surface11 in a non-aqueous Li-O2 cell in the absence
of a redox mediator.

Journal Name
polymer and the condensation of the inorganic precursor in the
precursor gel framework. The accompanying release of gaseous
View Article
Online
products triggered by the exothermic carbothermal
reaction
DOI: 10.1039/C4EE02587C
opens up new mesopores and enlarges existing
micropores. As
a result, the material displays a specific surface area of ~180 m2
gm-1 and a large pore volume of 0.3 cm 3 gm-1. Such high
surface area is key for obtaining high oxygen reduction
capacities and good rate capability.

Physical Characterization
The titanium oxide Magnéli phases are a homologous series
of triclinic phases of composition Ti nO2n-1 (4≤ n ≤10) that have
structures characterized by two dimensional shear plane slabs
of TiO6 octahedra. Electrical conductivity of these phases is
known to vary with n. With standard methods of preparation it
is very difficult to obtain nanocrystalline pure phases. Our
synthetic approach, which utilizes crosslinking of titanium
ethoxide with an ethyleneimine oligomer followed by
carbothermal reduction (see Methods section for details), leads
us to the desired crystalline phase with a high degree of control.
The Rietveld analysis of the powder X-ray diffraction (XRD)
pattern of the as synthesized Ti4O7 (Figure 1a) confirms
crystallization of the triclinic single phase Ti 4O7 (see Table S1,
SI). Moreover, the breadth of the diffraction peaks
demonstrates the nanocrystalline nature of the material. The
thermodynamic formation energies of different Magnéli
titanium oxides (TinO2n-1) are very close under carbothermal
reduction conditions in an Ar atmosphere. Precise control of the
inorganic to organic precursor ratio in the gel and its
decomposition temperature plays a crucial role in the synthesis
of phase-pure Ti4O7. The material is obtained through this
method at a temperature of 860-870°C, which is low compared
to that in excess of 1000°C required for the reduction of TiO 2
and which results in significant crystallite growth. Bright field
transmission electron microscopy (TEM) investigation reveals
the existence of primary particles in the range of 50-100 nm
(Figure 1b). A second set of agglomerated fine nanocrystallites
can also be seen in the TEM image (marked by arrows). The
high resolution transmission electron microscopy image
(HRTEM, Figure 1c) reveals the existence of Ti 4O7 crystallites
ranging from 10 -20 nm in size, with lattice planes indexed to
(110) and (112) based on their d-spacing, further confirming the
crystallinity of the phase. Thus, this route is highly effective for
confining the particle size to nano dimensions, with a high
degree of crystalline order.
Formation of a highly porous structure with high specific
surface area was confirmed from N 2 physisorption analysis
(Figure 1d) that displays a type IV nitrogen adsorptiondesorption isotherm (inset). The average pore size of ~2 to 10
nm confirms the micro- and mesoporous texture of the sample.
These pores are formed by the decomposition of the organic

2 | Energy Environ. Sci., 2014, 00, 1-3

Figure 1. Physical characterization of the Ti4O7 nanomaterial. (a)
Rietveld refinement of the powder x-ray diffraction pattern of the as
synthesized Ti4O7. Data points (red circles); calculated profile (black
line); difference profile (blue line); Bragg positions (magenta lines). (b)
a typical bright field TEM image demonstrating morphology and
particle size distribution. The arrows point to the agglomerated fine
crystallites. (c) a high resolution TEM image of the Ti4O7
nanocrystallites with indexed lattice planes. The (110) lattice planes are
expanded in the inset image. (d) pore size distribution of the Ti4O7
nanomaterial with the inset image showing the type-IV nitrogen
adsorption-desorption BET isotherm.

The room temperature electrical conductivity of this porous
Ti4O7 is 5 Ω-1 cm-1, which is naturally lower than the high
values observed for highly crystalline microcrystalline Ti 4O7,
but quite sufficient for electrical transport within the material
and to/from the active reaction surface sites. The amount of
residual carbon is < 2% as revealed by elemental microanalysis.
This very low carbon fraction is not expected to contribute to
reactivity with peroxide/superoxide at any significant level.

Electrochemical Studies
Electrochemical cells were constructed as described in the
Methods section. The galvanostatic discharge and charge
profiles recorded at current densities of 200 uA cm -2 and 50 uA
cm-2 (based on geometric electrode area), respectively, in a
potential window of 2.4 V - 4.25 V vs Li+/Li are presented in
Figure 2a. These confirm the bifunctional capability of the
nano-Ti4O7 for both ORR and OER. The discharge reaction
(ORR) is at an average voltage of 2.65 V, delivering a capacity
−1
of 1.2 mAh, equivalent to ~350 mAh 𝑔𝑇𝑖4𝑂7
. As expected,
discharge capacities correlate to the current rate. Galvanostatic
discharge at a lower current density of 100 uA cm -2 (Figure S1,
SI) results in a higher specific capacity of ~2.1 mAh/~600
−1
mAh𝑔𝑇𝑖4𝑂7
, and demonstrates the very good ORR activity of
the Ti4O7 nanomaterial. The lower current rate also brings the
discharge potential up to 2.7 V. The influence of large specific
surface area and the presence of mesopores - which enhances
catalyst utility due to higher electrode/electrolyte contact area
and improved electrode kinetics - benefit the discharge capacity.

This journal is © The Royal Society of Chemistry 2012
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Reduced voltage polarization and consequently improved round
trip energy efficiency is achieved.

Figure 2. Electrochemistry and OEMS of the Ti4O7 cathode in a LiO2 cell. (a) galvanostatic discharge and charge profile of a Li-O2 cell
employing Ti4O7 nanomaterial as cathode in a potential window of 2.4
V - 4.25 V vs Li+/Li. Discharge and charge current densities were 200
and 50 µA/cm2, respectively; (b) differential capacity plot obtained
from Figure 2a. The peaks in this profile correspond to plateaus in the
galvanostatic profile and denote major electrochemical processes during
discharge and charge reactions; online mass spectrometry (OEMS) for
cells employing (c) Ti4O7, and (d) Vulcan carbon cathodes during
electrochemical charge of cells pre-discharged to a capacity of 1 mAh.
The red, black and the blue curves depict voltage variation, O2
evolution, and CO2 evolution, respectively, during galvanostatic charge.

Charging (OER) initiates at a very low voltage of 3 V, very
close to the reversible thermodynamic formation/decomposition
voltage of 2.96 V. 30, 31 The profile displays a gently rising
plateau between 3 and 3.5 V, followed by a sloping region up to
~4 V. Significantly, OER achieves 65% and 85% completion
by 3.5 V and 4.0 V, respectively (as confirmed by on-line mass
spectrometry, Figure 2c; see next section). This indicates the
absence of significant cathode corrosion that would lead to
higher overpotential on charge. We note that the
electrolyte/Ti4O7 is stable up to 4.6V (Figure S2).
The
corresponding dQ/dV plot (Figure 2b) more clearly illustrates
the findings. The narrow peak at 2.65 V represents the ORR
process, whereas the broad positive peak centered at around 3.3
V signifies OER; the higher voltage features correspond to
electrolyte by-product oxidation (see next section).
The formation and removal of Li 2O2 upon discharge and
charge were visualized by SEM (Figure S3). Apparent are the
filling of the cathode pores by a film-like product upon
discharge at 200 uA cm-2 and its removal upon charge. We
note that particles of toroidal morphology are formed at a lower
current density of 25 uA cm -2, where their lateral dimensions
become thinner as the current density increases to 100 uA cm -2
(Figure 3). Overall, ~10 nm thin discs/platelets are formed at
150 uA cm-2 with a transition to a film-like deposition product
at 200 uA cm-2. This is consistent with our earlier observation
of the current density dependent morphological transition of
discharge product formed on an active carbon cathode in a LiO2 cell31. Moreover, when current densities are normalized
with respect to the real surface area obtained from BET analysis,
the morphology transition regime for Ti 4O7 is close to carbon
(Table S2). The role of the discharge current density on the
charging characteristics was singled out by discharging the LiO2 cells employing the Ti4O7 cathode at different current
densities followed by charging at a same current (Figure S1).
The voltage polarization in overall charge profile decreases
when the discharge current density is increased. Again, as in the
case of carbon,31 this is correlated to the chargeability of
discharge products with different morphologies. A film like

This journal is © The Royal Society of Chemistry 2012
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efficiency results. We note this may well
be linked to the
formation of amorphous peroxide at high current rates - which
is reported to be more ionically conductive than the crystalline
phase by a factor of 10 12 on the basis of calculations 32, 33 and/or formation of a superoxide-rich surface which lowers the
charge potential.34
Electrochemical cyclability of the Ti 4O7 cathode in a Li-O2
cell was studied by limiting the capacity to 1 mAh. This
enabled complete charge below 4 V against Li +/Li (Figure S4a,
SI). Good performance is achieved, with a major portion of
charge taking place at low potential. The incremental
irreversibility introduced into the charging process following
the 1st cycle is due to accumulation of glyme and LiTFSI
decomposition products that are not fully removed due to the
low charge voltage cutoff (see below). Limiting the deliverable
capacity to 0.1 mAh and performing the galvanostatic cycling
at a high current density of 500 uA cm -2 resulted in stable
behavior over extended cycling (Figure S4b, SI).

Figure 3. Transition of Li2O2 morphology, with variation in discharge
current density for the Ti4O7 cathode as indicated.

Online Mass Spectrometry (OEMS)
To further explore the effectiveness of Ti4O7 as a cathode,
mass spectrometry was used to evaluate the gases generated
during charge. Mass spectrometry is an invaluable tool for
analyzing Li-O2 OER processes which has been used to study
the viability of different electrolytes for the Li-O2 cell,9 and to
validate the efficiency of different Li-O2 battery cathodes and
possible side products during cell operation. 16, 35 We compared
the evolution of gaseous oxygen (m/z = 32) and carbon dioxide
(m/z = 44) during cell charge of a Ti4O7 electrode to that of
Vulcan® carbon XC72 (VC). VC was chosen for comparison
as it has a similar surface area to our synthesized Ti 4O7. Using
0.5 M LiTFSI/TEGDME and a total cell discharge of 1 mAh
(see Methods), a charging current density of 250 µA cm -2 was
applied until oxygen evolution ceased. The results are shown in
Figure 2c and Figure 2d. For Ti4O7, the major oxygen
evolution occurs well below 3.5 V (Figure 2c), in agreement
with the lower OER potential for the galvanostatic cycling
discussed previously. The Ti4O7 cathode exhibits a high rate of
oxygen evolution between 3.0 - 3.5 V, which finally diminishes
at higher potentials/capacity and ceases at ~ 4.20V. The
increase around 4.0V (0.85 mAh) in the curve is due to the
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oxidation of residual Li2O2, which is inhibited at lower
potential by the build-up of electrolyte decomposition products
(see below). These must be removed before Li 2O2 oxidation can
be completed, at a capacity of 1.0 mAh that corresponds to the
discharge load. In contrast, the VC carbon cathode displays a
different oxygen evolution profile (Figure 2d): the charging
voltage increases sharply and is accompanied by a rapid decay
in oxygen evolution between 3.8 and 4 V, followed by further
oxygen evolution at ~4.4 V.
By combining OER with the charge current, we can
calculate the (e−/O2)chg for both cells, which is a measure of the
Coulombic efficiency. The value should be 2.0 if the only
process on charge is the oxidation of lithium peroxide.
However, as is well known, almost all studies show (e−/O2)chg
>>2.0,36 which implies that some parasitic electrochemistry
always occurs during the charging process. The
TEGDME/Ti4O7 cell exhibits an (e−/O2)chg of 2.6 whereas for
VC, the (e−/O2)chg values were higher. These varied between 2.8
and 3.4 e-/O2 depending on current rate. Similar values have
been observed for VC with glyme electrolytes in previous
reports.8, 37 The higher value for VC is the result of interfacial
oxidation of carbon by reactive oxygen, 9, 10 leading to the
formation of an additional insulating interlayer of Li2CO3
between Li2O2 and the active carbon surface. This impedes the
Li2O2 oxidation until a higher charging potential is reached,
which strips the Li2CO3. The accompanying evolution of
significant CO2 in the high voltage charging region is
characteristic of the decomposition of Li 2CO3. Contrary to VC,
much less CO2 is evolved in the case of Ti 4O7. Here, it must be
associated with the oxidation of glyme decomposition products
such as lithium formate and acetate. 38 While electrolyte
decomposition is an issue that must be resolved if the Li-O2
battery is to achieve its full potential, it is not within the scope
of this manuscript. The comparison of gas evolution clearly
shows that the Ti4O7 lowers the oxidization overpotential of the
Li2O2 compared to carbon by about 0.3 - 0.5 V over the entire
charge process. The suppression of carbonate formation at the
peroxide/host interface lowers the overpotential thus reducing
electrolyte decomposition. Although this is not completely
eliminated, the Ti4O7 also does not aggravate electrolyte
decomposition as do some highly catalytically active transition
metal oxides such as RuO 2.39, 40
Efficiency of the Ti4O7 for OER is further demonstrated by
the galvanostatic charging of the Ti 4O7 cathode preloaded with
bulk commercial Li2O2 (of crystallize size between 200 - 450
nm, determined by SEM). Charging of Li 2O2 is achieved at a
flat voltage of 3.8 V vs Li+/Li (Figure 4). The potential is
higher than the initial close-to-equilibrium potential of 3 – 3.3V
for the full cell owing to the much larger crystallite size of the
commercial peroxide, and much poorer contact with the Ti4O7
host. As the charge approaches the quantitative oxidation of
peroxide based on the loaded mass (2.0 mAh), the voltage rises,
signifying the end of the process. At this point, a trace of CO 2 is
evolved, most likely from residual Li 2CO3 present in the
commercial peroxide (see Methods). We also cannot rule out
reaction of the electrolyte with evolved superoxide that would
also result in carbonate-type products. In any case, the CO 2/O2
ratio in the evolved gas is overwhelmingly less than in Figure
2c. What is clear is that electrochemical oxygen evolution from
crystalline peroxide is different from the peroxide formed
electrochemically, as we have shown in greater detail in a
separate publication.41 The difference here is also illustrated by
the fact that the e−/O2chg ratio is 2.42 for the prefilled electrode
(similar to our prefilled TiC cathode that yields e-/O2chg =2.45
under identical conditions39), which is notably less than
measured above for charging the electrochemically formed
Li2O2 on Ti4O7 ((e−/O2)chg = 2.60). This is due to the less
complex nature of the crystalline peroxide surface and the
lower fraction of electrolyte decomposition products (i.e., side
reactions). As has been recognized elsewhere for other cathode
materials, for the true effectiveness of the Ti 4O7 on ORR and
4 | Energy Environ. Sci., 2014, 00, 1-3

Journal Name
OER to be realized, an electrolyte that is stable to the Li-O2
chemistry must be used. DMSO is a very promising candidate,
View Article
Online
as shown by Mohammed et. al.16 However, other
reports
42 10.1039/C4EE02587C
DOI:
suggest that this may not be the case,36,
indicating that it
reacts with Li2O2 on prolonged contact to form LiOH 43. In our
hands, DMSO was actually less effective than TEGDME, and
did not enable full charge of the cell up to the voltage where it
decomposes (4 V).

Figure 4. OEMS data for electrochemical charging of a cathode containing
nano-Ti4O7 preloaded with commercial Li2O2 in a weight ratio of Ti4O7:
Li2O2:PTFE :: 8:1:2. The cell was galvanostatically charged at 75 uA cm-2.
The red, black and the blue curves depict voltage variation, O2 evolution, and
CO2 evolution, respectively.

Ex-situ XPS studies on the Ti4O7 cathodes
XRD studies on cycled electrodes showed the Magnéli
phase was retained (unchanged) upon cycling, without the
appearance of any additional new peaks. Efforts to study
peroxide formation and decomposition upon electrochemical
discharge and charge were unsuccessful, however, due to the
superposition of the broad peaks of the Ti 4O7 nanomaterial on
that of the Li2O2. In this regard, X-ray photoelectron
spectroscopy (XPS) proved to be an effective tool to probe the
formation-removal of the peroxide on the cathode and detect
any possible corrosion of the Ti 4O7 surface. Figure 5a
compares the Li1s XPS spectra of the pristine, discharged and
charged cathode. The Li1s region for the discharged cathode
includes contribution from the underlying Li 2O2 (Li1s: 54.5
eV)14, 44 and surface lithium carbonate species (Li1s: 55.3 eV)14,
44
formed by the decomposition of glyme electrolyte in contact
with lithium peroxide. The intensities of the peaks are not
representative of the actual fractions of material present, owing
to the extreme surface sensitivity of XPS (~5 nm probe depth).
Upon charging, the Li1s peaks corresponding to lithium
peroxide disappear to further reveal the surface carbonate
species. The surface carbonate peak likely also includes
contributions from RCOOLi, and ROLi type products that are
formed at the active surface.
Figure 5b shows the Ti2p XPS spectrum of the pristine
Ti4O7 cathode, where the signal is fit with Ti 4O7 (2p3/2: 459.5
eV), and a slightly more oxygen-rich Magnéli phase which
resides on the surface (Ti 5O9, 2p3/2: 459.3 eV), both identical to
that reported in the literature. 45 Both components were
necessary for a good fit. The Ti 5O9 naturally forms as a native
oxide layer on Ti4O7 under ambient conditions. As XPS probes
only the first 3 -7 nm of any surface, and Ti 4O7 is still visible in
the spectrum, this layer must be extremely thin. The high
binding energies of the conductive Magnéli phases are
characteristic of their itinerant electron delocalization. A trace
of TiO2 is also present (2p3/2: 458.6 eV) 46 on the surface.
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The Ti4O7 and Ti5O9 peaks of the pristine material
disappear after the 1 st discharge and consecutive charge (Figure
5b, upper), indicating partial oxidation of only the Ti4O7
surface in contact with Li 2O2.24 XRD data of the cycled cathode
showed only the presence of Ti4O7 (Figure S5), indicating its
bulk chemical stability. This is not surprising, as this Magnéli
phase is known to be stable to corrosion. 21-24

ARTICLE
Ti4O7 surface, this TiO2-x interphase facilitates electron flow
from the electrochemical reaction sites. A scheme which
View Article Online
illustrates this concept is shown in Figure 6.
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Figure 6. Scheme showing the gradual gradient of sub-stoichiometric TiO2-x
formed at the surface of the conductive Magnéli Ti4O7 cathode host in the LiO2 cell that acts as a thin passivating interphase.
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Conclusions

Figure 5. (a) Li 1s, and (b) Ti 2p XPS spectra of the Ti4O7 cathode at
the pristine, 1st discharged and 1st charged state, respectively,
galvanostatically cycled in a 0.5 M LiTFSI-TEGDME electrolyte at 200
uA cm-2 for discharge, and 200 uA cm-2 discharge followed by 50 uA
cm-2 charge for the charged cathode.

Two components were necessary for an adequate fit: surface
TiO2, and substoichiometric TiO 2-x, based on the lowering of
the XPS binding energy (2p 3/2: 458.3 eV) by 0.3 eV compared
to TiO2. Values for TiO2-x in the literature vary widely,
depending on x.40,47 In our case, x can be estimated based on
the fact that reduction from Ti 4+ to Ti3+ results in an overall
linear negative shift in binding energy of about 1.5 eV. 47,48 A
difference of 0.3 eV thus corresponds to an average oxidation
state of Ti3.8+. This energy difference is similar to that between
Ti4O7 (Ti3.5+) and Ti4O9 (Ti3.6+). Importantly, TiO2-x
substoichiometric oxides are electronically conductive, 21, 49
albeit less than the underlying metallic Magneli phases. As
demonstrated by the effective oxidation of Li 2O2 from the

This journal is © The Royal Society of Chemistry 2012

Amongst the most significant challenges facing
rechargeable aprotic Li-O2 batteries are achieving effective
oxygen reduction, a low charging potential on oxygen evolution
and a stable lithium peroxide-cathode interface. A critical step
towards accomplishing those goals is to tackle the issue of
cathode corrosion by the Li-O2 cell discharge product (Li 2O2)
and/or the reactive oxygen species generated during cell
charging. In this work, using electrochemical measurements,
OEMS, SEM, and XPS, we have shown that a new
nanostructured Ti4O7 Magnéli phase functions as an effective
bifunctional ORR-OER support by reducing the charging
voltage and thereby enhancing the round trip energy efficiency.
Along with the intrinsic chemical stability of Ti 4O7, substantial
improvement in the voltage polarization can be attributed to its
tailored properties which are crucial to ORR. These properties
include high specific surface area and porosity that enable
facile diffusion to the active sites, and the metallic conductivity
of Ti4O7 that enables electron transfer from the reaction sites. It
is proposed that the stability of the conductive TiO 2-x interface
is also responsible for the reversible Li 2O2 formation/oxidation,
where the majority of oxygen release (~65%) occurs in the 33.5 V window vs Li+/Li. This is comparable to oxygen
evolution from a gold surface in the absence of a redox
mediator. Significantly, these results demonstrate the
fabrication of a practical cathode for a rechargeable aprotic LiO2 battery. Nevertheless, this study also shows that
development of novel cathode materials for Li-O2 batteries
cannot be treated separately from the issues related to the
electrolyte. For the real assessment of any material’s ORR/OER
properties, it is essential to have a stable electrolyte system and the
opposite also holds true.
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Experimental
Material preparation: In a typical synthesis, titanium(IV) ethoxide (Sigma Aldrich) and
ethylenimine (oligomer mixture, Mn ~ 400, Sigma Aldrich) were mixed in a desired weight ratio.
Ethanol/iso-propanol was added to control the viscosity of the obtained mixture, which was
stirred at 75°C for overnight leading to the formation of an amber yellow color gel. The resultant
gel was further dried at 100°C for 4 to 6 h, and then purged under Ar stream in a tubular flow
furnace in a quartz tube for 3-4 h before firing at 860-870°C for 4 h with a heating ramp of
4°C/min. A possible reaction scheme is presented as follows:

Addition of ethylenimine to titanium ethoxide triggers a condensation reaction through
coordination of the imine nitrogen to the Ti4+ of ethoxide, leading to the formation of three
dimensional polymeric networks. Calcination under inert atmosphere results in the decomposition
of the polymeric gel with concomitant release of carbon dioxide, nitrogen, and CxNy type gases
along with the formation of nanoscopic TiO2 in an amorphous carbon matrix. At higher
calcination temperatures the carbothermal reduction of the TiO2 begins with the release of CO2,
resulting in the formation of porous Ti4O7 nanomaterial. The ethylenimine to titanium(IV)
ethoxide ratio is controlled to generate almost carbon free crystalline phase of Ti4O7.

Physical characterizations
XRD and Microscopy: Powder X-ray diffraction was carried out using a Bruker D8 advance
diffractometer in Bragg-Brentano geometry with CuKα (λ = 1.5405 A) radiation. Scanning
electron microscopy (SEM) was performed on a LEO 1530 field emission SEM. Transmission
electron microscopy was carried out on a FEI Titan 80-300.
BET: Nitrogen adsorption-desorption analysis were performed at 77 K on a Quantachrome
AUTOSORB-1. The sample was outgassed for 12 hours at 200°C under vacuum line prior to this
analysis. The surface area of the sample was calculated by the Brunauer Emmett Teller (BET)
method by taking at least 5 data points where P/P0 < 0.3. Pore size distribution was obtained by
the Barrett–Joyner–Halenda (BJH) method applied to the desorption branch of the isotherm.
Conductivity: Electrical conductivity of the Ti4O7 nanomaterial was measured on a 1.5 mm thick
pellet of 12 mm in diameter, pressed with 4 ton pressure. The pellet was sintered at 400°C for 24
h under Ar flow. Electric conductivity was measured using a Jandel four-point probes connected
with RM3000 test unit.
XPS: XPS analysis was performed on a Thermo ESCALAB 250 instrument configured with a
monochromatic Al Kα(1486.6 eV). The air-sensitive samples were transported to the
spectrometer in an Ar atmosphere and transferred into the chamber very quickly. All spectra were
fitted with Gaussian-Lorentzian functions and a Shirley-type background using CasaXPS
software. For the analysis of Ti 2p spectra, three constraints were used on the fitting for
component pairs: peak area ratio of 1:2 for 2p3/2: 2p1/2 and maximum 0.2 eV difference in full
width half maximum(FWHM) with 2p1/2 having the higher value of FWHM. The binding energy
values were all calibrated using the adventitious C 1S peak at 284.8 eV.
Electrochemistry: Tetraethylene glycol dimethyl ether (TEGDME, Sigma Aldrich, >99%) was
distilled over Na metal under vacuum and stored over activated 4 Å molecular sieves in an Ar
filled glove box. Lithium- bis(trifluoromethylsulfonyl)imide (LiTFSI, Solvionic, 99%) was dried
at 120°C for 4 days under vacuum which was then used to obtain desired electrolyte, 0.5 M
LiTFSI in TEGDME. The water content of the electrolyte was found to be < 1 ppm (Karl-Fischer
titration).

Electrochemical performance was assessed using a hermetically sealed Swagelok type
cell with the cathode head space filled with dry O2 (<0.5 ppm) at 1.5 atm. For cathode
fabrication, an ink obtained by blending Ti4O7 nanomaterial with PTFE suspension was coated on
stainless steel mesh (mesh size: 100 x 100, 30% open area) of 1 cm2 geometric area. The
cathodes were then dried at 60°C for 1 h in air followed by 12 h at 300°C under dynamic vacuum.
Typical loading of the electrodes were 3-5 mg cm-2 with Ti4O7 to PTFE weight ratio of 90:10.
Electrochemical cells were assembled in an Ar filled glove-box (O2 < 0.5 ppm, H2O < 0.5 ppm)
using the 1 cm2 cathode coins with Li metal foil as the anode and glass fiber (Millipore, 0.7 mm)
as the separator (one). Glass fiber separators were dried at 300°C for 24 h under dynamic vacuum
prior to use.
For the ex-situ analysis of the discharged and charged cathodes, cells were disassembled
in an Ar filled glove-box and the electrodes were washed with dry acetonitrile (<1 ppm) and
dried in a vacuum chamber. Galvanostatic cycling was performed using a BT2000 battery cycler
(Arbin Instruments). All the current densities reported in this work are based on the geometric
electrode area.
Mass Spectrometry: The residual gas analysis was performed with a modified design based on an
OEMS apparatus reported by Tsiouvaras et. al (J. Electrochem. Soc. 160, p. A471-A477, 2013).
A commercial electrochemical flow cell (EL-Cell, ECC-DEMS) is attached in-line with a gas
flow controller (Bronkhurst, F-200CV) and quadrupole mass spectrometer (Standford Research
Systems, RGA 200). During cell operation a controlled flow of Ar (5.0 Grade) sweeps the
evolved gases from the cell to the MS entrance chamber where the gas enters the quadrupole
through a fused silica capillary (50 um ID). The pressure inside the MS chamber is 2 x 10-6 torr
during operation. Prior to measurement, the mass spectrometer is calibrated to establish a
relationship between the measured ion current (A) and target gas concentration (ppm). With the
use of known gas concentrations (from 2000 ppm O2/Ar balance and 2000 ppm CO2/Ar balance
mixtures) mixed with different amounts of Ar, a linear relationship between the gas concentration
and ion current is established. The quantification is performed with the use of Mathworks Matlab
software.
For the measurements in Figure 2c and Figure 2d, cathodes were prepared in a 95:5
weight percent of active material : PTFE. The contents were spread onto a stainless steel mesh (2
cm2/100 mesh size) and dried under vacuum at 300 °C for 12 hours. The cells were assembled
with 200 uL of 0.5M LiTFSI/TEGDME, two glass fiber separators and lithium metal as the

counter electrode. Discharge was performed at 250 uA cm-2 for the carbon cathode and 75 uA
cm-2 for the Ti4O7 cathode under 1.5 atm O2 to a fixed capacity of 1 mAh. These values were
chosen in order to provide suitable capacity for both cells, and a similar Li2O2 morphology (thin
toroids in both cases). Charging of the cell was performed at 250 uA cm-2 after a 2 hour rest
period at OCV. Determination of the e-/O2 values was determined from the total accumulated
amount of O2 corresponding to voltages where O2 evolution terminated (4.2 V for Ti4O7 and 4.5
V for VC).
For the online electrochemical mass spectrometry of the preloaded Ti4O7 cathode,
commercial Li2O2 (Sigma Aldrich, 95% purity) was mixed with nano-Ti4O7 and PTFE
suspension in isopropanol and the resultant slurry was coated on stainless steel mesh. The final
composition of the cathode was Ti4O7:Li2O2:PTFE::8:1:2. The cathode was dried under vacuum
overnight. The mass spectrometry cell was assembled in a similar way as described above. The
cell was galvanostatically charged at a current density of 75 µA cm-2.
Estimation of Commercial Li2O2 Purity: Chemical purity of the commercial Li2O2 (Sigma
Aldrich) was assessed by iodometric titration. The iodometric titration protocol is based on
oxidation of a weighed quantity of peroxide with large excess iodide solution, followed by
titration of the liberated iodine with standardized thiosulfate solution. Details of this protocol
have been described elsewhere.1 Commercial peroxide was found to be 88% pure by this titration
method, and this was used to determine the actual mass of peroxide in the preloaded cathodes.

Table S1. Refined Lattice Parameters for Synthesized Nano-Ti4O7
Diffractometer:
Radiation
range
Step size
Sec/step
Background
Chemical formula
Space group
a (Å)
b (Å)
c (Å)
(°)
(°)
(°)
Cell Volume (Å3)
Crystallite Size (nm)
Rexp
Rp [%]
Rwp [%]
2

Bruker D8 advance
Cu K
15-70
0.0085
4
Chebyshev Polynomial
Ti4O7
A-1
5.6115(6)
7.1336(6)
12.521(2)
94.9759(8)
95.2475(7)
108.839(6)
468.758(9)
16.33(1)
1.246
1.87
2.42
1.94

*Determined by Rietveld refinement of the XRD data
Refined Lattice Parameters for Bulk Ti4O7 (for comparison)2
a (Å)
b (Å)
c (Å)
(°)
(°)
(°)

5.593(1)
7.125(1)
12.456(3)
95.02(1)
95.21(1)
108.73(1)

Figure S1. Galvanostatic cycling of the Ti4O7 cathode at different current densities. Inset
description states the discharge and charge current densities applied to obtain the different
discharge-charge profiles.

Figure S2. Galvanostatic discharge and charging profile of the Ti4O7 cathode in 0.5 M LiTFSITEGDME electrolyte under Ar between a voltage window of 2.3-4.7V vs. Li+/Li.

Figure S3. Ex-situ SEM investigations of the Ti4O7 cathode after electrochemical discharge and
charge in a Li-O2 cell. (a) SEM image of a pristine cathode showing its porous architecture; (b)
cathode discharged at 200 uA cm-2, illustrating the formation of the film-like Li2O2 that fills the
inter-particle pores of the cathode; (c) cathode after electrochemical charging showing the
removal of the Li2O2.

Table S2. Comparison of the effect of current density on the Li2O2 morphology formed on Ti4O7
and VC cathode in a Li-O2 cell, in 0.5 M LiTFSI-TEGDME electrolyte. Based on the BET
surface area of Ti4O7 and VC, total available surface area on a 1 cm2 cathode has been calculated
assuming an average loading of 5 mg and 1 mg of Ti4O7 and VC, respectively. Here, IGeometric is
the applied current density based on geometric surface area, and IReal stands for current density
expressed on total available surface area per 1 cm2 cathode. The morphology of Li2O2 formed on
a VC cathode has been discussed previously by our group.3
Average
Loading/cathode
(g)

Ti4O7

Vulcan
Carbon

0.005

0.001

Geometric
surface
area/cathode
(m2)

10-4

10-4

BET
surface
area
(m2/g)

180

219

Total surface
area/cathode
(m2)

0.9

0.219

Geometric current density (µA/cm2)/Real current
density/Morphology

IGeometric

25
µA/cm2

50
µA/cm2

100-150
µA/cm2

200
µA/cm2

IReal

28
µA/m2

56
µA/m2

111-166
µA/m2

222
µA/m2

Morphology

Large
toroids

Thinner
toroids

Discs/
platelets

Film

IGeometric

5
µA/cm2

10
µA/cm2

25
µA/cm2

50
µA/cm2

IReal

23
µA/m2

46
µA/m2

114
µA/m2

228
µA/m2

Morphology

Large
toroids

Thinner
toroids

Discs

Film

Figure S4. (a) galvanostatic cycling of the Ti4O7 cathode in a Li-O2 cell with a capacity cutoff of
1 mAh in a 2.4-4 V voltage window against Li. 200 uA cm-2 of current density was applied for
both discharge and charge. (b) galvanostatic cyclability of a Li-O2 cell employing Ti4O7 cathode
with a 0.1 mAh/~100 mAh gm-1 capacity cutoff, cycled at 500 uA cm-2 current density. The
cathode loading was adjusted to around 1 mg cm-2 to sustain a high current density.

Figure S5. X-ray diffraction patterns of the pristine and a discharged/charged Ti4O7 cathode. The
unchanged XRD pattern after electrochemical cycling demonstrates the chemical inertness of the bulk
Ti4O7 in a Li-O2 cell.
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