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ABSTRACT

The lithium — carbon dioxide (Li-COz) battery has garnered significant interest over the
past five years as a next-generation energy storage device. In this letter, we report a
nanocomposite of anatase titania nanoparticles (TiO2-NP), carbon nanotubes (CNT), and carbon
nanofibers (CNF) as a freestanding gas diffusion cathode (GDC) for Li-CO- batteries.
Nanostructured anatase TiO: is demonstrated as a low-cost, easy-to-synthesize catalyst for CO-
capture and utilization. With the developed composite electrode, we confirm the successful
reversibility of the carbon dioxide reduction reaction (CDRR) and evolution reaction (CDER) at
the cathode, and demonstrate improved Li-CO> cell performance, through a variety of materials

and electrochemical characterization techniques.
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INTRODUCTION

Over the last five years, the lithium — carbon dioxide (Li-CO») battery has attracted
significant attention due to its dual nature as a novel energy storage and carbon sequestration
device.} This advantage is unique amongst energy storage solutions, and offers an enticingly
elegant strategy toward resolving two of humankind’s most urgent problems. In addition to
terrestrial applications, the development of a realistic Li-CO- battery system has the potential to
revolutionize energy storage in environments with high concentrations of CO>, such as the
atmosphere of Mars.>® Since the CO- in the cathode of the Li-CO; battery can be harvested from
the Martian atmosphere, the implementation of this system in rovers and research stations on
Mars would significantly reduce payload weight, thus drastically cutting the cost of launch.
These potential applications offer compelling motivation for the investigation and development

of Li-COy batteries.

The Li-CO; battery operates according to the following electrochemical reactions:

Anode: Li - Li*+e m
Cathode: 3CO; + 4e" > 2C0z> + C (11
Overall: 4Li +3CO2 + 4e <> 2Li2CO3+C (Vo =2.82V) (1)

During discharge, Li is oxidized at the anode, releasing Li* ions into the electrolyte.
Simultaneously, CO2 gas is reduced at the cathode, forming carbonate (COs?) anions and
amorphous carbon.® Li* ions in the electrolyte react with the CO3? anions, forming lithium
carbonate (Li2CO3) at the cathode. Upon charge, these reactions are reversed, with Li2CO3z being

decomposed and amorphous carbon being oxidized, generating gaseous CO..* The overall



reaction has a voltage of 2.82 V vs. Li/Li* and high theoretical specific energy of 1,876 W h kg

111

The high solubility of CO: in organic electrolytes and absence of reactive lithium peroxide
(Li202) in the discharge product make the Li-CO battery an attractive alternative to the lithium-
oxygen (Li-O2) battery.'> However, the realization of the Li-CO- battery does not come without
significant challenges. First, the electrochemical reduction of CO> on discharge occurs at a low
voltage (-1.91 V vs. saturated calomel electrode (SCE) in dimethyl sulfoxide (DMSO)), leading
to preferential reduction of the electrolyte at the cathode. Second, the Li2CO3 formed on
discharge is thermodynamically very stable, resulting in a high overpotential on charge (> 4 V
vs. Li/Li*),*18 causing electrolyte oxidation. The large overpotentials associated with the charge
and discharge reactions of this system lead to poor energy efficiency, rapid electrolyte
decomposition, and short cycle life.1*!” To date, only a handful of nanostructured catalysts have
been reported to reduce the overpotentials encountered in the Li-CO; battery, such as Ru,*1°
Cu,?° and Ni nanoparticles,?* as well as a few composite-catalyst cathodes, such as Mo,C-CNT?

and NiO-CNT.’

Anatase TiO has been reported in the literature as a CO, capture?? and electrochemical
reduction agent,?>2* but to date has not been utilized in a Li-CO; battery. Density functional
theory (DFT) calculations in the literature show that the binding energy of CO- on anatase TiO>
surfaces is an order of magnitude higher than that on CNT surfaces, allowing for greatly
improved CO; adsorption.?22>2% Fyrthermore, TiO, has demonstrated increased stability
compared to carbon over large voltage windows in organic electrolytes as a cathode material for
Li-O, batteries.?” These benefits, along with the low cost and semi-conductive nature of anatase

titania, warrant its investigation as a CO> reduction / evolution catalyst in a Li-CO> battery.



In this work, we report the development and implementation of a freestanding titanium
dioxide nanoparticle (TiO2-NP) / carbon nanotube (CNT) / carbon nanofiber (CNF)
nanocomposite membrane (TiO>-NP@CNT/CNF) as a catalytically-active gas diffusion cathode
(GDC) for a Li-CO> battery. The anatase TiO. nanoparticles act as a noble metal-free catalyst for
the attachment, reduction, and evolution of CO during cycling. The CNT/CNF substrate forms a
conductive framework into which the TiO2-NP catalyst is embedded, with the CNT serving as a
high-surface area attachment site for the TiO. nanoparticles and the CNF acting as a
mechanically supportive matrix. The freestanding nature of the composite membrane allows for
the fabrication of electrodes without binder, substrate, or toxic solvent (e.g., N-
methylpyrrolidone), and for homogeneous distribution of the catalyst throughout the conductive

carbon framework.
RESULTS AND DISCUSSION

The TiO2-NP@CNT/CNF composite cathodes were prepared by a simple hydrolysis
method as described elsewhere?® and in the Supporting Information. Briefly, TiO2 nanoparticles
were synthesized via the hydrolysis of titanium (IV) propoxide (TP) by dropwise addition into a
dilute solution of water in alcohol under magnetic stirring. As the hydrolysis proceeded, a
separate suspension of CNT/CNF in alcohol was added, commencing growth of TiO2-NP on the
CNT/CNF surfaces. After stirring and sonication, the mixed suspension was then vacuum filtered
into a freestanding film, cut into individual electrodes, and heat-treated under Ar flow to produce

single-phase anatase nanoparticles uniformly dispersed throughout a CNT/CNF matrix.

As shown in the scanning electron microscopy (SEM) images in Fig. 1a, the obtained
spherical TiO2 nanoparticles were ~ 200 — 500 nm in diameter and were distributed uniformly

throughout the CNT/CNF conductive framework. Higher magnification SEM imaging (Fig. 1a
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inset) shows that the secondary anatase particles were composed of smaller (~ 20 nm) primary
nanoparticles, which were also seen individually attached to the CNT/CNF substrate. It is
reasoned that the primary nanoparticles formed in solution quickly attached to available surfaces
on the CNT/CNF, and any excess primary nanoparticles agglomerated to form the larger

secondary nanoparticles.?®

The X-ray diffraction (XRD) pattern (Fig. 1b) of the obtained TiO>-NP@CNT/CNF
electrode shows that the TiO2 nanoparticles were composed of single-phase anatase titania (PDF
00-021-1272), while the single, high-intensity peak at 26 = 26.2° corresponds to the graphitic
peak of the CNT/CNF substrate (PDF 01-073-5918). Thermogravimetric analysis (TGA) (Fig.
S1) shows that the resultant weight percentage of TiO- in the cathode is ~ 38%. The fraction of
TiO, obtained indicates that the hydrolysis reaction to convert TP to TiO2 proceeded nearly to
completion. The lower relative amount of CNF was the result of losses to the container and filter

paper during, respectively, sonication and filtration.

Swagelok-type Li-CO> batteries were assembled with a Li-metal anode, gas diffusion
cathode (GDC), and an electrolyte composed of 1 M lithium bis(trifluoromethane)sulfonimide
(LiTESI) in dimethyl sulfoxide (DMSO). All cells were cycled under pure CO> gas. As
demonstrated via an array of electrochemical methods, the Li-CO. cells utilizing the prepared
TiO.-NP@CNT/CNF GDC show decreased overpotential and improved capacity, cycling

stability, and energy efficiency compared to the cells assembled with the bare CNT/CNF GDC.

The electrochemical improvements to the Li-CO2 battery offered by the integration of TiO:
nanoparticles into the GDC are shown in Fig. 2. The cyclic voltammograms (CV) in Fig. 2a
show that the overpotentials of the carbon dioxide reduction reaction (CDRR) and carbon

dioxide evolution reaction (CDER) of the Li-CO- cell with the TiO.-NP@CNT/CNF cathode are
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lower than those of the cell with the bare CNT/CNF cathode. The onset voltages of the CDRR
and CDER in the TiO>-NP@CNT/CNF cell are, respectively, 3.2 and 3.7 V vs. Li/Li*. By
comparison, the onset voltages of CDRR and CDER in the bare CNT/CNF cell are, respectively,
3.0 V and 3.9 V vs Li/Li+. Furthermore, the TiO2-NP@CNT/CNF cell achieves peak current
densities of 0.217 and 0.195 mA cm during, respectively, CDRR and CDER, compared to
0.140 and 0.154 mA cm for the bare CNT/CNF cell. To demonstrate that the cathodic and
anodic currents observed correspond, respectively, to CDRR and CDER, Fig. 2a also shows the
CV of a cell with the TiO2-NP@CNT/CNF cathode cycled under pure Ar. The cell delivers
negligible cathodic current down to 2.5 V vs. Li/Li* and a small anodic current at 4.4 V vs.
Li/Li*, due to the oxidation of DMSO in the electrolyte. In addition, the electrochemical
impedance spectroscopy (EIS) data in Fig. S2 show that the interfacial impedance of the Li-CO>
cell with the TiO.-NP@CNT/CNF cathode is significantly lower than that of the cell with the
bare CNT/CNF cathode both before and after a discharge/charge cycle. The catalytic activity of
the TiO2 nanoparticles allow for a more facile reduction of CO; on discharge and a more
complete decomposition of Li.COz on charge, thereby reducing the charge-transfer resistance

and facilitating CDRR / CDER Kinetics.

The inclusion of TiO2 nanoparticles in the GDC also significantly increases the capacity of
the Li-CO- cell. As shown in Fig. 2b, the cell with the bare CNT/CNF cathode delivers an areal
capacity of only 565 pA h cm, while the cell with the TiO2-NP@CNT/CNF cathode achieves a
capacity of 1,950 HA h cm2, an improvement of over 345%. The inset in Fig. 2b shows the
discharge curve of a TiO>-NP@CNT/CNF cell discharged under Ar, which delivers a negligible
capacity of less than 10 pA h cm. This result indicates that virtually all the capacity delivered

by the Li-CO- cells on discharge is due to the electrochemical reduction of COg, rather than Li*



insertion into, or electrochemical conversion of, any of the solid components of the cathode.
Indeed, Li* insertion into anatase TiO, occurs at ~ 1.7 V vs. Li/Li*,3-32 which is well below the
operating voltage of Li-CO- cells. All cells were discharged to a cutoff voltage of 2.5 V vs.

Li/Li".

To determine the contribution of GDC surface area to the improvements in capacity and
overpotential, the Brunauer-Emmett-Teller (BET) specific surface area (Sget) was calculated for
the obtained electrodes. As shown in Fig. S3, the Sget of the CNT/CNF and TiO»-
NP@CNT/CNF electrodes are, respectively, 127 m? g and 118 m? g*. This small difference in
Sget indicates that the improved performance demonstrated here is primarily due to the
significant enhancement in CO> binding and catalytic activity offered by the TiO> surfaces

versus those of bare CNT/CNF.

Fig. 2c and 2d show, respectively, the cycling performance of the Li-CO> batteries with the
TiO.-NP@CNT/CNF and bare CNT/CNF cathodes at a fixed capacity of 250 pA h cm2 with
respect to the geometric surface area of the GDC. The TiO.-NP@CNT/CNF cell shows a
substantial improvement in discharge voltage (2.8 V) versus the bare CNT/CNF cell (2.5 V). The
TiO-NP@CNT/CNF cell also achieves a vastly improved cycling stability, showing no decrease
in discharge voltage and only a marginal increase in charge voltage over 20 discharge/charge
cycles. Meanwhile, the cell with the bare CNT/CNF cathode fails before reaching ten cycles; the
erratic charge curve observed beyond the corresponding discharge capacity on the tenth cycle is
a result of the oxidation of the DMSO electrolyte solvent to DMSO; at the cathode.* As shown in
the corresponding energy efficiency plot in Fig. S4, the TiO>-NP@CNT/CNF cell maintains a

steady energy efficiency averaging ~ 66% over 20 cycles. Conversely, the CNT/CNF cell shows



an initial energy efficiency of 59%, which rapidly falls to 45% by the 10" cycle prior to cell

failure.

Complementary characterization techniques were employed to confirm the reaction
mechanism proposed in (111). All characterizations were performed on the side of the electrode
facing the COz gas (i.e., facing away from the separator). First, XRD was performed to confirm
the formation of crystalline Li.COs during discharge. As shown in Fig. 3a, discharging the Li-
CO:z cell with the TiO2-NP@CNT/CNF cathode leads to the formation of monoclinic Li2COs
(PDF 01-083-1454). Upon charge, the Li.COs3 discharge product is eliminated, as indicated by
the disappearance of the Li.COs peaks in the charged state. The Fourier transform infrared —
attenuated total reflectance (FTIR-ATR) data in Fig. 3b corroborate the results of the XRD
analysis, showing the emergence of four characteristic peaks of the CO3% group of Li,COs on
discharge. The double bands at ~1482 and ~1408 cm correspond to the asymmetric v3
vibrational mode of CO3?, while the sharp peaks at ~1085 and ~860 cm* are attributed,
respectively, to the symmetric v vibration mode and v2 bending mode.33-% All four
characteristic peaks subsequently disappear on charge, indicating a successful decomposition of

Li.COs.

Fig. 3c and 3d show, respectively, the C 1s and Li 1s X-ray photoelectron spectroscopy
(XPS) signals of pristine, discharged, and charged TiO2@CNT/CNF electrodes. In the pristine
state, the C 1s spectrum shows only one peak at 284.5 eV corresponding to the graphitic C-C
bond in the CNT/CNF substrate.” After discharge, a separate carbon peak appears at 290.3 eV,
attributed to the C=0 bond in Li»CO3.% A shoulder to the graphitic carbon peak can also be seen
at 285.5 eV, corresponding to the amorphous sp® carbon formed on discharge.®” Both the Li,CO3

peak and amorphous carbon shoulder are shown to disappear on charge, indicating near-



complete conversion of the discharge products into evolved CO; gas. Fig. 3d shows the
corresponding Li 1s peak of Li2COs at 55.7 eV, which similarly appears on discharge and

disappears on charge.?!

Finally, the formation and decomposition of large LioCOg crystals is demonstrated visually
in the SEM images in Fig. 4. The pristine TiO2-NP@CNT/CNF electrode (Fig. 4a) shows
uniformly-distributed TiO2 nanoparticles attached to the CNT/CNF matrix. Upon discharge (Fig.
4b), large (> 2 um) Li.COs3 particles are observed to grow throughout the electrode surface. After
charge (Fig. 4c), these particles disappear entirely, indicating near-complete reversibility. This
result is remarkable, as it indicates that the enhanced reaction kinetics of the CDER offered by
the TiO>-NP@CNT/CNF cathode are sufficient to overcome the strongly electrically insulating

nature of the large Li>COs particles.

The synergistic mechanism of the TiO2-NPs and CNT/CNF framework toward the growth
and elimination of discharge products in the Li-COg battery is illustrated in Fig. 4d. First, CO>
molecules attach to the TiO2 nanoparticle surfaces where they are electrochemically reduced to
elemental carbon by electrons from the CNT/CNF conductive matrix. The remaining O% anions
from the reduction reaction then chemically react with dissolved CO2 and Li* ions to form
Li,COs crystals. On charge, the TiO2-NPs act as catalytic sites to allow for the evolution and
release of gaseous CO.. The robust reversibility of this capture-react-release mechanism allows

for stable cycling of the Li-CO> battery.
CONCLUSION

In summary, we have developed and utilized a TiO>-NP@CNT/CNF composite cathode for

a Li-COz battery. In the designed electrode, the TiO2 nanoparticles act as attachment and



catalytic sites for the capture and activation of CO2, while the CNT/CNF substrate acts as a
flexible, conductive, and high-surface area matrix. The absence of precious metals and the
simple hydrolysis method for nanostructuring this material allow for fast, scalable, and low-cost
synthesis. The flexible, freestanding membrane obtained via dispersion and vacuum filtration can
be used directly as a gas diffusion cathode, obviating the need for the addition of binder and
casting onto a porous substrate. The Li-CO> cells prepared with TiO2-NP@CNT/CNF show
vastly improved capacity, cyclability, and efficiency compared to the cells with bare CNT/CNF
cathodes. These performance enhancements offer a promising pathway toward the realization of

a room-temperature, noble-metal-free Li-CO> battery.
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Figure 1: (a) SEM image and (b) and X-ray diffraction pattern of pristine TiO2-NP@CNT/CNF

electrode.
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Figure 2: (a) Cyclic voltammograms (CV) at 0.1 mV s* scan rate and (b) discharge curves at

0.05 mA cm? of Li-Ar and Li-CO; cells with bare CNT/CNF and TiO>-NP@CNT/CNF

electrodes. Galvanostatic cycling at 0.05 mA cm of Li-CO; cells with (c) TiO2-NP@CNT/CNF

and (d) CNT/CNF electrodes. Current density was calculated based on the geometric area of the

cathode.
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Figure 3: (a) XRD pattern, (b) FTIR-ATR, and (c) C 1s, and (d) Li 1s XPS plots of pristine,

discharged, and charged TiO2-NP@CNT/CNF electrodes from Li-CO- cells.
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Figure 4: SEM images of (a) pristine, (b) discharged, and (c) charged TiO>-NP@CNT/CNF
electrodes from Li-CO; cells. (d) Schematic of the TiO2-NP@CNT/CNF nanocomposite catalyst

mechanism.
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