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Na-CO, batteries have attracted extensive attention due to their high theoretical energy density
(1125 Wh/kg), efficient utilization of CO,, and abundant sodium resources. However, they are trapped
by the sluggish decomposition kinetic of discharge products (mainly Na,CO3) on cathode side during
the charging process. Here we prepared a series of nano-composites composed of RuO, nanoparticles in
situ loaded on activated multi-walled carbon nanotubes (RuO,@a-MWCNTs) through hydrolyzing reaction
followed by calcination method and used them as cathode catalysts to accelerate the decomposition of
Na,CO;. Among all catalysts, the RuO,@a-MWCNTs with appropriate ratio of RuO, (49.7 wt%) demon-
strated best stability and rate performance in Na-CO, batteries, benefiting from both high specific surface
area (160.3 m2/g) and highly dispersed RuO, with ultrafine nanostructures (~2 nm). At a limited capacity
of 500 mAh/g, Na-CO, batteries could afford the operation of over 120 cycles at 100mA/g, and even at
the current density to 500 mA/g, the charge voltage was still lower than 4.0V after 40 cycles. Further
theoretical calculations proved that RuO, was the catalytically active center and contributed to the de-
composition of Na,CO; by weakening the C=0 bond. The synergetic functions of high specific surface
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(CNTs) and high catalytic activity (RuO,) will inspire more progress on metal-CO, batteries.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metal-CO, batteries have recently attracted plenty of atten-
tion because they can utilize greenhouse gas CO,, along with
their high specific energy density [1-4]. Moreover, it is promis-
ing to adopt metal-CO, batteries as power supplies of future ex-
ploration on Mars, in which CO, accounts for 95% of the atmo-
sphere [5,6]. Metal Li-CO, batteries were firstly investigated and
have been widely studied due to both high discharge potential
(~2.8V) and theoretical energy density (1876 Wh/kg) based on the
ideal reaction of 4Li+3C0,<>2Li;CO3+C [7-9]. Plenty of catalysts
such as RuO,, Ru, Mo,C, NiO have been developed to promote
the decomposition of thermodynamically stable discharge prod-
ucts (LiCO3) [10-16]. Considering the limited resource of lithium,
sodium with similar physical and chemical properties has also
been applied as anode to build Na-CO, batteries, in which the the-
oretical energy density can reach 1125 Wh/kg through the reaction
of 4Na+3C0,<«2Na,C03+C (~2.35V) [8,17,18].
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Similar with Li-CO, batteries, the discharge products of Na-
CO, batteries (Na,CO3) are also hard to decompose, leading to
high charge overpotential and poor cycle stability [17-20]. In 2016,
with electrolyte-treated multi-wall carbon nanotube (t-MWCNT)
as cathode catalyst, we first enabled the rechargeable room tem-
perature Na-CO, battery [5]. Since then, a handful of catalysts
such as Co,MnOx decorated carbon fiber, ZnCo,04@CNT, ketjen
black carbon or CNT supported ruthenium nanoparticles (Ru@KB
or Ru@CNT), have been designed to accelerate the kinetics of the
battery [7,18,21,22]. Among them, nano-Ru metal composites stand
out with high catalytic characteristics towards Na,CO3; decomposi-
tion, but their high reactivities undergo the concerns of catalyzing
the decomposition of electrolyte [23,24]. As an alternative, RuO,
catalyst, which is more stable than metal Ru, also exhibits de-
cent electron conductivity. RuO,@CNTs have been applied as cath-
ode catalysts in Li-CO, batteries to facilitate the decomposition
of Li,CO3 [25,26], which triggers the interest to study the use of
ruthenium oxide-based catalysts in Na-CO, batteries.

Herein, a series of RuO, nanoparticles in situ loaded on ac-
tivated multi-walled carbon nanotubes (RuO,@a-MWCNTs) have
been fabricated through the facile hydrolyzing reaction followed by
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Fig. 1. (a) Schematic diagram of preparing RuO,@a-MWCNTs composite. (b) XRD patterns of a-MWCNTs, RuO,@a-MWCNTs-150 °C, RuO,@a-MWCNTs-180 °C and RuO,@a-
MWCNTs-200 °C. TEM images of (c) RuO,@a-MWCNTs-150 °C, (d) RuO,@a-MWCNTs-180 °C and (e) RuO,@a-MWCNTs-200 °C.

calcination method [27-29] and acted as cathode catalysts to pro-
mote the decomposition of Na,CO5; in Na-CO, batteries. Through
optimizing the temperature of calcination and the content of RuO,,
RuO,@a-MWCNTs prepared at 150 °C with 49.7 wt% RuO, demon-
strated the best overall performance. The charge/discharge overpo-
tential has been reduced to 1.5V, in contrast with pure a-MWCNTs
catalyst (2.2 V). Further cycling test unveiled the charge voltage of
Na-CO, batteries with above catalyst were still lower than 4.0V af-
ter 40 cycles at 500mA/g and after 90 cycles at 100 mA/g under
same limited capacity of 500 mAh/g. The results of density func-
tional theory (DFT) calculations showed that RuO, was the catalyt-
ically active site, and the Ru atoms on RuO, and the O atoms on
Na,CO3 formed covalent bonds, which resulted in the charge trans-
fer on the C=0, elongated the length of C=0 bond on the Na,COs,
and promoted the decomposition of Na,CO3; with low charging
overpotential.

Various RuO,@a-MWCNTs composites were synthesized
through the facile hydrolyzing reaction followed by calcina-
tion method. The detailed preparation process was shown in
Fig. 1a. The precursor powder from the same batch was divided
into three parts and calcined at 150 °C, 180 °C, and 200 °C for
10 h to obtain the final products, which were respectively de-
fined as RuO,@a-MWCNTs-150 °C, RuO,@a-MWCNTs-180 °C, and
RuO,@a-MWCNTs-200 °C. The results from X-ray diffraction (XRD)
indicated that the crystallization increased with the increasing of
temperature (Fig. 1b). Pure a-MWCNTs displayed two diffraction
peaks at 25.9° and 42.8° that could be assigned to the (002) and
(100) planes [30], respectively. When the calcination temperature
was 180 °C or higher, the obtained RuO, in the composite exhib-
ited decent crystallinity and the XRD patterns matched well with
the standard card (PDF#88-323-Ru0,) (Figs. S1 and S2 in Support-
ing information). For RuO,@a-MWCNTs-150 °C, the crystallization
of RuO, was highly suppressed with only one broad diffraction
peak centered at around 35°. Meanwhile, RuO, nanoparticles were
ultrafine and evenly dispersed on carbon nanotubes (Fig. 1c).
However, RuO, nanoparticles became larger and agglomerated
together for RuO,@a-MWCNTs-180 °C (Fig. 1d) or 200 °C (Fig. 1e).

Considering that the catalysts with highly dispersed and ultra-
fine characteristics can provide more active sites to accelerate the
decomposition of Na,CO3 [31], we chose the calcination tempera-
ture of 150 °C to further optimize the loadings of RuO, nanopar-
ticles (Fig. S3 in Supporting information). The RuO, content in
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Fig. 2. (a) TG curves of pure RuO;, RuO,@a-MWCNTs-1, RuO,@a-MWCNTs-2,
RuO,@ a-MWCNTs-3 and a-MWCNTs. (b) Nitrogen-adsorption-desorption isotherms
of RuO,@a-MWCNTs-1, RuO,@a-MWCNTs-2, RuO,@a-MWCNTs-3 and a-MWCNTs.
TEM image of (c) RuO,@a-MWCNTs-1, (d) RuO,@a-MWCNTs-2 and (e) RuO,@a-
MWCNTs-3. (f) HRTEM image of RuO,@a-MWCNTs-2 and (g) C, O, Ru EDX mapping
images of RuO,@a-MWCNTs-2. (h) Ru 3p and (i) O 1s high-resolution XPS spectra
of RuO,@a-MWCNTs-2.
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Fig. 3. Performance of Na-CO, battery. (a) Median charge voltage over cycles
and (b) comparison of the 40t charge—discharge profile of Na-CO, battery with
RuO, @a-MWCNTs-1, RuO, @a-MWCNTs-2, RuO, @a-MWCNTs-3 and a-MWCNTs cath-
ode. (c) Cycle performance of Na-CO, battery using RuO,@a-MWCNTs-2 cathode
with a cutoff capacity of 500 mAh/g at 100mA/g. (d) The terminal potentials of
cycles with RuO,@a-MWCNTs-2 cathode at 100 mA/g. (e) Cycle performance of Na-
CO, batteries with a cutoff capacity of 500 mAh/g at 500 mA/g. (f) Comparison of
charge voltage of Na-CO, batteries with different cathode catalysts.

the RuO,@a-MWCNTs composite was evaluated to be 56.8 wt%
(labeled as RuO,@a-MWCNTs-1), 49.7 wt% (labeled as RuO,@a-
MWCNTs-2), 27.9 wt% (labeled as RuO,@a-MWCNTs-3) according
to the result of thermogravimetric (TG) analysis in air atmosphere
(Fig. 2a and Fig. S4 in Supporting information). Based on the N,-
adsorption-desorption measurement, the specific surface area of
the composite gradually increased after decreasing the content of
Ru0,, which were 147.8, 160.3, 183.8 and 212.8 m?/g for RuO,@a-
MWCNTs-1, RuO, @a-MWCNTs-2, RuO,@a-MWCNTs-3 and pristine
a-MWCNTs, respectively (Fig. 2b). Nevertheless, the specific surface
area for RuO,@a-MWCNTs composite was still high enough to ac-
commodate the discharge product of Na-CO, batteries with main-
tained porous structure [27].

We carried out the Transmission electron microscope (TEM),
high resolution transmission electron microscope (HRTEM) and
energy dispersive X-ray spectroscopy (EDX) to further investigate
the distribution of RuO, nanoparticles in a-MWCNTs (Figs. 2c-
g and Figs. S5-S7 in Supporting information). High RuO, con-
tent (RuO,@a-MWCNTs-1) would result in the aggregation of RuO,
nanoparticles (Fig. 2c and Fig. S5). Reducing the content of RuO,
nanoparticles (RuO,@a-MWCNTs-2) enable the uniform distribu-
tion of particles (Fig. 2d and Fig. S6). The RuO, was more scat-
tered when the content was further reduced (RuO,@a-MWCNTSs-
3) (Fig. 2e and Fig. S7). Through calibrating the lattice fringes and
the angles between them, the HRTEM image (Fig. 2f) confirmed
that the RuO, of RuO,@a-MWCNTs-2 belonged to the cubic phase
(PDF#87-726-Ru0,) with average size of about 2 nm. EDX mapping
of RuO,@a-MWCNTs-2 demonstrated Ru and O elements were uni-
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Fig. 4. (a) 1%t charge and discharge curve of Na-CO, battery with marked points
for characterizations. (b) Ex situ XRD of RuO,@a-MWCNTs-2 cathode. Ex situ SEM
images of RuO,@a-MWCNTs-2 cathodes: (c) Pristine, (d) discharged 100 mAh/g, (e)
discharged 500 mAh/g and (f) recharged 100 mAh/g, (g) recharged 300 mAh/g, (h)
recharged 500 mAh/g.

formly distributed (Fig. 2g). X-ray photoelectron spectroscopy (XPS)
was adopted to analyze the element valence and bonding states.
The XPS high-resolution spectrum of Ru 3p (Fig. 2h) could be fit-
ted to two peaks at 464.0eV and 486.7 eV, indicating the domi-
nant +4 oxidation state of Ru [31]. The O 1s XPS spectrum could
be fitted to three peaks (Fig. 2i). The peak at binding energy of
532.8eV and 531.4 eV corresponded to C-O and C=0 [32,33]. Com-
pared with the XPS spectrum of a-MWCNTSs (Fig. S8 in Supporting
information), there was an additional peak with a binding energy
of 530.2eV in RuO,@a-MWCNTs-2, which was related to the Ru-O
bond of RuO, [34].

The above characterizations suggested that RuO,@a-MWCNTs-
2 took advantages of both high dispersibility and abundant active
sites. In order to further study the relationship between the load-
ing ratio of RuO, and the catalytic performance, we assembled
Na-CO, coin cells with RuO,@a-MWCNTs-1, RuO,@a-MWCNTs-
2, RuO,@a-MWCNTs-3, or a-MWCNTs as cathode catalysts. The
median charging voltage was a straightforward indicator to as-
sess the catalytic capability for Na,CO; decomposition (Figs. 3a-
d and Figs. S9-S11 in Supporting information). Obviously, pure a-
MWCNTs cathode exhibited the highest potential, exceeding 4V
even on the first lap. RuO,@a-MWCNTs-3 cathode with lowest
content of RuO, also demonstrated sharply increased overpoten-
tial that exceed 4V on the 25™ lap. Both RuO,@a-MWCNTs-1
and RuO,@a-MWCNTs-2 displayed low median charging voltage,
while RuO,@a-MWCNTs-2 demonstrated higher durability and the
charging potential was still lower than 4V after 90 cycles. We at-
tributed it to better dispersed RuO, nanoparticles/higher specific
surface area than RuO,@a-MWCNTs-1 and higher RuO, ratio than
RuO,@a-MWCNTs-3. Moreover, long cycle test at a limited capac-
ity of 500 mAh/g demonstrated that Na-CO, batteries could af-
ford the operation of 70 cycles at 500 mA/g (Fig. 3e), in which
the charge voltage was still lower than 4.0V after 40 cycles at
500mA/g. The charging voltage only increased by 0.2V on the 20t
lap when the current density increased from 100mA/g to 500 mA/g
(Fig. S12 in Supporting information). Fig. 3f and Fig. S13 (Sup-
porting information) compared the performance of Na-CO, bat-
tery between RuO,@a-MWCNTs-2 in this work and cathode cata-
lysts reported in the literature (cut-off capacity was 500 mAh/g).
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Fig. 5. The interactions between Na,CO; and different cathodes. The optimized configurations, adsorption energies, and C=0 bond lengths of Na,CO; on (a) a-MWCNTs, (b)
RuO, and (c) RuO,@a-MWCNTs substrates. (d-f) The differential charge density of Na,CO3 adsorbed on a-MWCNTs, RuO, and RuO,@a-MWCNTs substrates.

Among all the cathode catalysts, RuO,@a-MWCNTs-2 catalyst dis-
played decent charge voltage at low current density (100 mA/g) on
the first cycle, and the lowest charge voltage at high current den-
sity (500 mA/g) with longest cycling life.

In order to unveil how catalyst contributed to the reac-
tion of Na-CO, batteries, ex-situ XRD and scanning elec-
tron microscope (SEM) characterization have been con-
ducted at different states of charge and discharge (6 state
points were marked in Fig. 4a). Na-CO, battery with
RuO,@a-MWCNTs-2 catalyst exhibited outstanding reversibil-
ity. From the XRD graph (Fig. 4b), three diffraction peaks of
Na,CO3 at 34.6°, 37.5° and 41.7° were emerged after discharge, and
disappeared when charging process was finished. The reversibility
was also confirmed by SEM characterization. Plenty of granular
products were generated on the carbon nanotube skeleton dur-
ing the discharge process (Figs. 4c-e and Fig. S14 in Supporting
information). The products gradually disappeared, and a porous
structure reappeared during the charging process (Figs. 4f-h and
Fig. S15 in Supporting information). Even after 20 cycles with a
cutoff capacity of 500 mAh/g at 100 mA/g, the RuO, @a-MWCNTs-2
cathode still showed intriguing catalytic properties for Na,COs
decomposition, sharply contrasting with a-MWCNTs cathode on
which a few by-products were accumulated (Fig. S16 in Supporting
information). The intriguing results were due to the synergetic
functions of CNTs and RuO,, in which multi-walled carbon nan-
otubes could provide a huge specific surface area to hold the
discharge products, and the RuO, nanoparticles could effectively
reduce the energy barrier of electrochemical reaction during
the charging process to promote the decomposition of Na,COs.
Moreover, the oxygen-containing functional groups carried by the
activated carbon tubes (Figs. S17-S19 in Supporting information)
enabled the uniform dispersion of RuO, nanoparticles [6,35,36].

To provide atomic understanding between RuO, based cata-
lyst and Na,CO3, we further applied the density functional the-
ory (DFT) calculations. Figs. 5a-c and Table S1 (in Supporting infor-
mation) summarized the configurations of Na,CO; on a-MWCNTSs,
RuO, and RuO,@a-MWCNTs substrates. The results demonstrated
that the adsorption energy of Na,CO; on RuO, (—3.578eV) and
Ru0,@a-MWCNTs (—2.595eV) were more negative than that on a-
MWCNTs (-1.115eV), indicating RuO, was the preferred sites to
grow Na,COj3. Besides, compared with the substrate of a-MWCNTs
(1.289A, 1.288A), the C=0 bond of Na,CO; on the substrate
of RuO, (1.316A, 1.318A) and RuO,@a-MWCNTs (1.318A, 1.314A)
were lengthened. The lengthened bond meant that Na,CO3 was
easier to decompose, proving that RuO, nanoparticles were ben-
eficial for the charge process of Na-CO, batteries.

The differential charge density was then used to explain
that why the C=0 bond length was elongated (Figs. 5d-
f). Different from a-MWCNTs system, the electron density
around the C=0 bond of Na,COs; decreased obviously in the
RuO, and RuO,@a-MWCNTs system, which was due to the cova-
lent bond that formed between O atoms on the Na,CO3; and the
Ru atoms on the RuO,. The newly formed Ru-O interaction di-
rectly weakened the C=0 bond and thus favored the decomposi-
tion of Na,COs5. The DFT calculations unambiguously verified that
the RuO,@a-MWCNTs composite cathode catalyst was very effec-
tive for fabricating the high stable Na-CO, batteries.

In summary, ultra-fine and highly dispersed RuO, nanoparti-
cles (~2nm) loaded on a-MWCNTs have been fabricated and for
the first time, acted as cathode catalyst to reduce the charge
overpotential and enhance the reversibility of Na-CO, batteries.
a-MWCNTs with O-rich groups facilitated the dispersion of RuO,
and RuO, promoted Na,CO3 decomposition by weakening the C=0
bond of Na,COs, which together contributed to build the Na-CO,
batteries with long cycle life (>120 cycles) and low charge poten-
tial (<4.0V up to 90 cycles). This work provides a general way to
promote the decomposition of Na,COs3. With rational designation,
more composite catalysts with advanced conductive host such as
graphene, porous carbons, MXene can be prepared to further en-
hance the properties of metal-CO, batteries.
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