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Due to its success in the domain of power electronics, the
lithium ion battery technology is currently being considered
for electric vehicle propulsion and even electric grid storage."”
However, the implementation of a lithium based technology on a
large scale faces controversial debates on lithium availability and
cost. Alternative lower cost and sustainable chemistries would be
specially suited for large scale applications even if they involve a
penalty in energy density. The most appealing alternative is to
use sodium, instead of lithium. Indeed, it exhibits a rich inter-
calation chemistry>* and its resources are in principle unlimited
(high concentrations in seawater) being very easy to recuperate.
Sodium technology has already been successfully implemented
in today’s commercialized high-temperature Na/$S cells for MW
storage and for Na/NiCl, ZEBRA-type systems for electric
vehicles, both of which take advantage of the highly conducting
solid beta-alumina ceramics at temperatures of ca. 300 °C.
Mindful of these considerations, and within the current knowl-
edge gained in Li-ion technology, a room temperature analogous
Na-ion cell is a realistic target. If achieved, it would bring about a
radical decrease in cost with respect to lithium ion technology
while ensuring sustainability.

Electrochemical cells using sodium metal anodes and liquid
electrolytes or solid polymer electrolytes were early on as-
sembled using TiS,, ternary transition metal oxides or even
redox polymerization cathodes.””” Therefore, these systems
were almost abandoned with the advent of the lithium ion
technology. Recently, there has been a resurge of interest with
the assembly of a room temperature operation Na ion cell with
liquid electrolyte using a carbonaceous negative electrode coupled
to a sodium transition metal fluorophosphate positive electrode.®
Although a variety of phases with good features in terms of
capacity and voltage that can potentially be used as positive
electrodes have been identified, very few materials have been
reported to be useful as negative electrodes (see Figurel).
Similarly to lithium ions, hard carbonaceous materials exhibit
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Figure 1. Potential versus capacity plot for materials having been
reported to exhibit reversible sodium insertion and hence being poten-
tial electrode materials for sodium ion cells.

the ability to reversible insert and deinsert sodium ions’ but
exhibit higher capacity fading than their lithium counterparts.'®

When it comes to transition metal oxides, the number of low
potential lithium insertion compounds is rather limited owing to
the competition of insertion vs conversion'' reactions, the
former being only favored for early 3d metal (Ti, V) oxides.
Along that line, Na, VO, was recently found to reversibly react
with Na at ca. 1.5 V'>"* but sensibly lower operation voltages
would be needed for enhanced energy density. While looking for

alternative titanium-based systems we decided to investigate
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Figure 2. (a) Voltage versus composition profile for the electroche-
mical reduction of a blank electrode containing only carbon black
(blue curve) and a composite electrode containing Na,Ti;O; and
30% carbon black (red curve) where the reversible insertion of ca. 2
mol of sodium ions per mol Na,Ti;O- is observed. (b) Stepwise
potentiodynamic experiment (5 mV steps with a cut off intensity
equivalent to C/150 galvanostatic rate).

Na, Ti3O-. This phase has been known for long'* and studied for
very diverse apphcatlons in sensors, catalysis, or toxic waste
removal.'> ™' Its structure consists of zigzag layers of t1tan1um—
oxygen octahedra with sodlum ions in the interlayer space®® that
are easily exchanged.”" Its electrochemical behavior against
lithium was tested between 1 and 3 V vs Li */Li’ and shown to
exhibit a gradually sloping profile between 1.6 and 1.0 V vs Li 7/
Li®** Nonetheless, it had to the best of our knowledge never
been tested in sodium-based cells. Pure Na, Ti30, was prepared
from anatase TiO, (>99.8%, Aldrich) and anhydrous Na,CO4
(>99.995%, Aldrich) mixtures with 10% excess of the latter with
respect to stoichiometric amounts. These mixtures were milled
and treated at 800 °C for 40 h with intermediate regrinding. Its
X-ray diffraction (XRD, Cu Ka) pattern does not exhibit any
impurity and is consistent with a well crystallized phase A
Rietveld refinement starting from the structural model of** was
carried out including a bond valence sum analy51s (BVS) using
the Zachariasen formula: V s, = Jexp{(dy — d;;)/0.37} and
the parameters dy from.** Results are in full agreement with
the expected structure and (IV) oxidation state for titanium.
(Further details on the refinement together with typical scanning
electron micrograph are given as Supporting Information.)
Preliminary electrochemical testing was carried out in two-
electrode Swagelok cells using sodium (99.9% Aldrich) as a counter
electrode in galvanostatic mode at a C/2S rate (i.e., 0.04 sodium/
hour). The working electrode consisted of a powder mixture of
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Figure 3. In situ X-ray diffraction study of a Na,Ti;O,/Na cell cycled
between 2.5 and 0.01 V ata C/50 rate. For reasons of space, we have only
reported the relevant XRD, the value of n corresponds to the mols of Na
reacted per mol of Na, Ti3;O; (see Figure2a). The similarity of patterns a
and b are in agreement with the sodium uptake at 0.7 V being related to
carbon. Further reduction induces the appearance of a new set of peaks
(marked with a line) corresponding to a new phase, which grows with
increasing sodium uptake and is pure at the end of reduction.

the sample with 30% Super P carbon black and 1 M NaClO, in
propylene carbonate (>99.7% Adrich) was used as electrolyte.
The voltage versus composition profile is shown in Figure 2a
(red) together with the one achieved for an identical cell
containing only carbon black (blue). The cell containing Na,.
Ti30; exhibits an irreversible electrochemical process at ca. 0.7 V
vs Na*/Na’, which corresponds to reaction of carbon black used
as additive, as deduced from comparison with the blank cell. (See
corresponding derivative curves as Supporting Information). Further
reduction takes place with the observation of a reversible plateau
around 0.3 V vs Na*/Na® with concomitant intercalation of ca.
2 additional sodium ions in the structure (i.e., reduction of 2/3
of Ti(IV) to Ti(Ill)). This process has been confirmed to be
fully reversible (see the Supporting Information for capacity
versus cycle number for the first S cycles). Stepwise potentio-
dynamic experiments using the EPS protocol of Thomson®®
(£S5 mV steps with a cut off intensity equivalent to a C/150
galvanostatic rate) (see Figure 2b) clearly indicate a two-phase
redox process involving a phase transition.

The redox process was also followed by situ XRD (see
Figure 3). No changes in the XRD pattern of the pristine
Na,Ti;O; are observed during the first electrochemical process,
in agreement of this being due to reaction for carbon black. In
contrast, a biphasic process is observed during the plateau centered
at 0.3 Vvs Na*/Na® during which the peaks of the pristine phase
are found to progressively decrease while a new phase is found to
appear, characterized by three intense peaks at 26 values of 33.9,
39.2, and 40.7°. This phase is pure at the end of reduction
(estimate composition Na,Ti;O). Upon reoxidation the pro-
cess is reversed with increasing amounts of Na, Ti;O appearing
in the electrode. Once the oxidation process is finished, no traces
of the Na,Ti30; phase are observed in the XRD pattern.

Several attempts were carried out to model the structure of the
fully reduced phase from the as obtained low resolution diffrac-
tion pattern. Indeed, since Na(1) and Na(2) 2e sites are com-
pletely filled in pristine Na,Ti30, the insertion of additional
sodium ions will probably force a structural rearrangement in
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Figure 4. (a) Experimental XRD pattern for Na,Ti;O, (red dots)
and simulated XRD pattern for Na,sTi;0O,s (green line) using the
same profile parameters, where the analogy can be appreciated.
(b) Na;¢Ti;gO,g crystal structure.

order to accommodate them. All attempts to reproduce the new
set of peaks observed with a structure an Na,Ti;O, but with a
larger interlayer space in order to place the two intercalated
sodium ions failed. Interestingly, a sodium-rich compound of
composition NayTi;00,5°¢ exhibits three of its most intense
reflections at the same 20 values observed for Na,Ti;O, (see
Figure 4a). Whether purely coincidentally or not, the stoichio-
metries of both phases are similar (Na,Ti30, = Na;¢Ti;,0,5)
except for the titanium content and the mean titanium oxidation
state (Na;¢Ti;9O,g contains Ti(IV)), which is in favor of a
similar structural framework with all sodium ion available posi-
tions filled (else, further reduction to achieve 100% Ti(IIl) would
take place). Both Na,¢Ti;0O,s and Na,Ti;O; have been re-
ported to exist in the NaOH—TiO,—H,O system, the former
being favored for sodium rich compositions”” and crystallizing in
the P-1 space group, (a=1051A,b=834A c=8514Aa=
112.6°, 8 = 104.1°, y = 102.2°). Its structure consists of clusters
of ten TiOg4 octahedra with sodium atoms sitting in either an
octahedral or a trigonal prismatic coordination between them. A
general view of the structure is presented in Figure 4b. One might
speculate that the structure of the inserted phase is pretty close to
that adopted by Na;sTi;0Oss, the clusters being most likely
linked through the two supplementary titanium atoms. We are
not yet able to propose a mechanism for this phase transition but
further efforts are currently directed to collect synchrotron data
for the fully reduced sample, which should throw new light on
its nature and hopefully confirm our hypothesis.

In summary, we have found that Na, Ti;O- works as an effective
low-voltage insertion sodium compound because of its ability to
reversibly uptake 2 Na ions per formula unit (200 mAh/g)
at an average potential of 0.3 V. To the best of our knowledge,
this is the first ever reported oxide to reversibly react with sodium
at such a low potential. Several improvements to the present
work are immediately apparent and range from electrode opti-
mization to the determination of the precise sodium insertion
mechanism. Nevertheless, we believe that the result reported in
this paper provides great opportunities in the development of
room-temperature high-performing Na ion cells.”®

Il ASSOCIATED CONTENT

© Supporting Information. Rietveld refinement for pris-
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