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ABSTRACT: Effective harvest of electrochemical energy from
insulating compounds serves as the key to unlocking the
potential capacity from many materials that otherwise could not
be exploited for energy storage. Herein, an effective strategy is
proposed by employing LiCoO,, a widely commercialized
positive electrode material in Li-ion batteries, as an efficient
redox mediator to catalyze the decomposition of Na,COj; via an
intercalating mechanism. Differing from traditional redox
mediation processes where reactions occur on the limited
surface sites of catalysts, the electrochemically delithiated
Li,_,CoO, forms NaLi,_,CoO, crystals, which act as a cation
intercalating catalyzer that directs Na* insertion—extraction and
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activates the reaction of Na,COj; with carbon. Through altering the route of the mass transport process, such redox centers are
delocalized throughout the bulk of LiCoO,, which ensures maximum active reaction sites. The decomposition of Na,CO; thus
accelerated significantly reduces the charging overpotential in Na-CO, batteries; meanwhile, Na compensation can also be
achieved for various Na-deficient cathode materials. Such a surface-induced catalyzing mechanism for conversion-type
reactions, realized via cation intercalation chemistry, expands the boundary for material discovery and makes those
conventionally unfeasible a rich source to explore for efficient utilization of chemical energy.
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atalysis pursues more efficient pathways in achieving

chemical/electrochemical reactions and has been an

indispensable component in various fields includin§
chemical production, pharmaceuticals, and waste disposal.l_
In catalyzing electrochemical processes, redox mediators often
serve as the intermediate charge carriers to reduce the kinetic
energy barriers leading to final products.”” In energy storage
systems, redox mediators assist charge transfer in those battery
materials with poor conductivities or intercept charges and
subsequently shuttle them to the counter electrode in order to
prevent ove1‘cha1‘ge.6_8 In recent years, owing to the
increasingly approached energy limits imposed by intercalation
electrode materials, conversion-type cathode materials with
high energy densities are deemed as promising candidates for
next-generation batteries, as represented by metal-O,, metal-S,
metal fluorides, and metal-CO, batteries.””'* However, the
insulating nature of the reactants and products often makes
their potential capacity inaccessible with high energy barriers,
as reflected by extremely hi$h overpotential and poor
reversibility and rate capability.'*'> Therefore, development
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of new redox mediators that catalyze both anodic and cathodic
reactions and understanding their working mechanism have
become a highly urgent direction.’”%'°

In general, catalysis reactions assisted by redox mediators
take effect at either solid—gas, solid—liquid, or solid—solid
interfaces; hence, their efficiency is highly dependent on the
interfacial active sites,"” while their bulk are inaccessible to the
reactants and remain inactive. One way to resolve this issue is
via single-site catalysts, which could maximize the surface-to-
volume ratio'®"? but require a complicated synthesis process.
To this date, how to activate the bulk phases of mediators and
make them available for charge mediation remains a challenge.
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Figure 1. Electrochemical oxidation and morphology evolution of Na,COj. First-cycle voltage profiles of (a) SC-LCO and (b) neat Na,COs,
respectively (cutoff voltage, 4.2 V vs Na/Na*; specific current, 10 mA g~'). Images of a spot taken at various voltages: OCP (c), from 2.7 to
3.0 V (d), from 3.0 to 3.3 V (e), from 3.3 to 3.6 V (f), from 3.6 to 3.9 V (g), and from 3.9 to 4.2 V (h) (scale bar = S00 nm). (i) Quantitative
measurements of the Na,COj particle height variation at different voltages. (j) 3D simulation images of the electrode surface at OCP and 4.2

V.

In addition to the limited active sites on the surface, the rate of
catalytic reaction is also largely determined by the mass
transport process toward or away from the interfaces, which
further places limitations on reaction efficiency and rate via
diffusion coefficient and concentration of the reactant.’

As a nontraditional electrode material, Na,COj; exhibits an
extremely high specific capacity (over 500 mAh g™') and low
costs. The capability of decomposing Na,COj; electrochemi-
cally would create benefits in both Na-CO, batteries and Na
compensation in sodium-ion batteries. However, Na,COj is an
electronic as well as ionic insulator, which prohibits the access
to its promising capacity; therefore no one has seriously
considered such a possibility. Previously, transition metal
oxides have been shown to promote LiF splitting via surface-
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. . . 2021 .
induced conversion reactions.””” In this work, we broke

through the above limitations and employed LiCoO, (LCO), a
commercially used cathode material for Li-ion batteries, as a
redox-mediating catalyst, which effectively harnesses the
electrochemical energy contained within Na,CO;, and
achieved a specific capacity of 448 mAh g~'. Assisted by
various in situ and ex situ characterization techniques, we
revealed that, instead of following the traditional adsorption—
desorption catalyzing processes at the interface, electrochemi-
cally delithiated Li; ,CoO, serves as an intercalating redox
mediator that extracts Na* from Na,COj; into its bulk phase,
forming Na,Li;_,CoO,, which will be subsequently oxidized
again. The kinetics of the altered reaction pathway are
significantly boosted because of the participation of the active
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Figure 2. Na* intercalation into LCO. (a) Ex situ XRD patterns SC-LCO electrode at different charge states. (b) TEM images of LCO
particles charged to 4.0 V vs Na/Na* in the presence of Na,CO; (scale bar = 10 nm). The interlayer spacings of the exterior and interior
(inset, scale bar = 1 nm) are measured, respectively. (c) TEM images of Na particles charged to 4.2 V vs Na/Na* in the presence of Na,CO,
(scale bar = 10 nm). TEM image and the corresponding EDS of LCO particles when charged to (d—g) 4.0 V and (h—k) 4.2 V.

sites in the bulk Na Li;_,CoO,, which effectively activates the
Na,CO; for electrochemical oxidation. Moreover, highly
efficient Na compensation can also be achieved for Na-
deficient cathode materials.”* The discovery of the intercala-
tion-based catalysis chemistry not only contributes to the
practical application of conversion-type electrode material but
also provides accesses to many more materials that have once
been thought impossible for electrochemical reactions.

RESULTS AND DISCUSSION

Boosting Effect on Na,CO; Decomposition. Na,CO,
(SC) powders were first ball-milled for 20 h to reduce particle
size to 1—3 ym (Supporting Information (SI) Figure S1). The
Bragg diffraction peaks fit well with the typical Na,CO; with a
C2/m space group in the absence of obvious impurity (SI
Figure S2a). LCO particles with size around 100—300 nm (SI
Figure S3) was synthesized via a sol—gel process, whose X-ray
diffraction (XRD) pattern (SI Figure S2b) is in good
agreement with the typical LiCoO, structure (space group
R3m, JCPDF No. 50-0653). The transmission electron
microscopy (TEM) image of prepared LCO (SI Figure S4)
shows a regular layered structure with Iagrer spacing of ~4.8 A,
consistent with previous reports.”>">° Simple ball-milling
treatment is carried out to ensure homogeneous mixing
between the two components in SC-LCO composite
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(mgc:myco = 9:1). The prepared Na,COj; electrodes consist
of active materials (Na,COj or SC-LCO composite), acetylene
black (AB) and poly(vinylidene fluoride) (PVDF) binder in
the mass ratio of 8:1:1.The galvanostatic oxidation curves
(Figure lab) demonstrate that, compared with the neat
Na,COj electrode, which can only deliver a limited specific
capacity of 16.4 mAh g!, the SC-LCO electrode exhibits a
dramatically improved charge capacity of 448 mAh g
(theoretical capacity Cr = 483 mAh g~') under the same
cutoff potential (4.2 V vs Na/Na*). Electrochemical results
obtained under different mass ratios and current densities are
demonstrated in SI Figure S5. These results indicate that LCO
must have cast a significant influence over the electrochemical
decomposition reaction of Na,COj;. The evident change of the
electrode morphology (SI Figures S6 and S7a,b) as well as the
disappearance of Na in the corresponding elemental
distributions (SI Figure S7c,d) at 4.2 V vs Na/Na* clearly
revealed the desodiation of Na,CO; and its conversion.
Interestingly, differing from SI Figure S6c, where the elemental
distributions of Na and Co are separated, corresponding to SC
and LCO, respectively, the distributions of Na and Co in SI
Figure SSd are overlapped as demonstrated by the highlighted
spots. Therefore, it can be speculated that a compound
containing Na and Co was formed during the oxidation
process.

https://doi.org/10.1021/acsnano.2c11029
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Figure 3. Exploration of reaction mechanism. (a) Galvanostatic charge curve and corresponding in situ Raman spectra of the SC-LCO
composite. (b) XRD patterns of Li,_,CoO, and its mixture with Na,CO; and Na,CO; + C after mixing and grinding. (c¢) DEMS tests
presenting the galvanostatic charge curve and the detection of gases released synchronously. Proposed reaction mechanism for Na,CO;
decomposition and potential applications in Na-ion batteries. (d) Initial oxidation of LCO and the relevant reactions. (e) Proposed Na*
intercalation into Li,_,CoO, and carbon oxidation. (f) Reconstruction of C—O bonds and the release of CO,. (g) Overall reaction

mechanism.

In situ atomic force microscopy (AFM) (setup shown in SI
Figure S8) was applied to visually observe how Na,CO,
decomposes in the presence of LiCoO,, which is driven by
the applied potential from the linear sweep voltammetry (SI
Figure S9). The corresponding AFM morphology images are
simultaneously recorded (Figure lc—h). A large Na,CO,
particle with the size of about 1 ym can be observed from
the AFM image (Figure 2b) at OCP, which is in accordance
with the size of Na,CO; (SI Figure S1). Quantitative analysis
of the height variation during electrochemical processes also
was conducted along the longitudinal section of the red dotted
line in the Na,CO; particle (Figure 1i), where the pristine
Na,CO; particle is about 750 nm at OCP. Upon charging, the
Na,COj particle remained unchanged between 2.4 and 3.3 V
vs Na/Na', indicating the absence of reaction in this potential
range. However, at around 3.6 V vs Na/Na’, a dramatic change
occurs to the particle morphology, with the height decreasing
to 575 nm. The reaction continues afterward, until the height
of the Na,CO; particle eventually decreased to 0 nm around
4.2 V vs Na/Na". Figure 1j demonstrates the 3D simulation
image of Na,COj; particle during this oxidative decomposition.
By sharp contrast, in situ AFM results for Na,COj particles in
the absence of LCO experiences negligible morphology change
in the same potential range (SI Figure S10), confirming the
intrinsic nature of Na,COj; particles in resisting electro-
chemical reaction.

Spontaneous Na® Intercalation in Bulk LCO. Linear
sweep voltammetry results (SI Figure S11) also shows that, in
the absence of LCO, the onset voltage where the negligible
decomposition of neat Na,COj; occurs is 3.86 V vs Na/Na®. In
the presence of LCO, this potential is dropped to 3.56 V vs
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Na/Na', which agrees well with AFM results and is the well-
known delithiation potential of LCO. More importantly, much
higher peak current density was observed from the SC-LCO
composite, which must be apparently ascribed to a faster
kinetics of Na,CO; oxidation. In situ electrochemical quartz
crystal microbalance (EQCM) was also applied, which
measures the mass loss of composite electrode during the
charging process (SI Figure S12) and further confirms that the
onset decomposition potential for Na,COj in the presence of
LCO is 3.6 V vs Na/Na". Although EQCM failed to yield a
quantitative number for the lost species, it is resonable to
speculate that the reaction of Na,CO; produces a gaseous or
soluble product that leaves the substrate, which is induced by
the oxidation (delithiation) of LiCoO,.

Ex situ XRD was performed to track the component
evolution of the electrode upon the charge process. Character-
istic diffraction peaks of both Na,CO; and LCO can be found
in the XRD patterns (Figure 2a) at OCP. When charged to 3.7
V vs Na/Na’, the new diffraction peaks appeared at ~16° and
~32° can be indexed to the P3-phase Na,CoO, structure,””**
indicating that the delithiated LCO will partially turn into
Na,Co0,, forming Na,Li;_,CoO,. In and ex situ XRD results
(SI Figures S13 and S14) also verified the formation of
Na,CoO, occurred above 3.66 V vs Na/Na". As the potential
increased, the LCO phase gradually turned into Na,Li;_,CoO,
and disappeared at 4.2 V. The TEM image (Figure 2b) shows
that, at 40 V vs Na/Na®, the Na® insertion process first
enlarged the interlayer spacing at the exterior part of LCO
particle from 4.8 t05.3 A, confirming the formation of
Na,CoO, structure, which will continuously propagate to the
bulk during the subsequent oxidation process as demonstrated

https://doi.org/10.1021/acsnano.2c11029
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by the TEM image of LCO particle charged to 4.2 V (Figure
2¢). This finding is supported by the energy dispersive spectra
(EDS) of LCO particles in the composite charged to different
potentials: at 4 V vs Na/Na’, Na only exists at the exterior part
of the particle, whereas at 4.2 V vs Na/Na*, Na distributed
homogeneously in the particle. The spreading tendency of Na
inwardly in the particle coincides with the propagation of the
Na,Li;_,CoO, phase. It should be noted that as the voltage
increased from 4.0 to 4.1 V (corresponding to the oxidation
plateau shown in Figure la), the (002) diffraction peak
positions for Na,Li;_,CoO, barely shift, while Na,COj is being
continuously consumed (as shown in the ex situ Fourier
transform infrared spectra, SI Figure S15), suggesting a
relatively equilibrium state of Na,Li;,_,CoO, can be retained
for Na,COj; oxidation. When the voltage reached 4.2 V vs Na/
Na’, the peaks for Na,CO; disappeared completely, accom-
panied by a blue shift of (002) peak of Na,CoO, at ~16°
(zoomed out part in Figure 2b) as well as the position shift of
the Co 2p;/, main peak toward higher binding energy in X-ray
photoelectron spectra (XPS) (SI Figure S16). Both changes
indicate the electrochemical oxidation of Co nuclei in
Na,Li;_,Co0O,, which occurs because the equilibrium
described above is breached by the depletion of Na,COj;,
leading to the apparent Na® deintercalation from
Na,Li;_,Co0,. Inductively couple plasma atomic emission
spectroscopy (ICP-AES) results (see detailed data in SI Table
S1) reveal that the chemical compositions of Na,Li;_,CoO,
particle obtained at 4.0 and 4.2 V wvs Na/Na® are
Nay 35Liy,C00, and Nag 3,Lij1,C00,, respectively.

For LCO, electrochemical sodiation represents reduction,
which only occurring during discharging; hence, this counter-
intuitive behavior suggests a hitherto unknown reaction route.
To rule out the electrochemical sodiation process, the
LiCoO,lINa half-cells with a sodium-ion electrolyte were
assembled and charged to different voltages, whose XRD
patterns (SI Figure S17) detect no peak for Na,CoO, even
when the cell was charged to 4.2 V vs Na/Na*. We speculate
that the formation of NaCoO, can only originate from
chemical reactions involving Na,CO;.

Redox Mediated Na,CO; Decomposition. According to
previous studies,"**” the electrochemical oxidation of Na,COj
most likely occurs via at least one of the following reaction
routes:

route 1:

2Na,CO; + C — 4e” — 4Na™ + 3CO,1 (1)
route 2:

2Na,CO; — 4e~ — 4Na* + 2CO,1 + 0,1 (2)

To reveal the detailed reaction mechanism, in situ shell-
isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS) was employed. As shown in Figure 3a, during
the electrochemical oxidation process the peak at ~1080 cm™"
(corresponding to Na,CO;) decreased gradually, which can be
assigned to the decomposition reaction of Na,COj;. Interest-
ingly, the intensities of both D and G bands of carbon in
Figure 3a also attenuated with cycling, suggesting that
conductive carbon has participated in the reaction.

To further identify the role of carbon in the reaction, LCO is
first charged to 4.0 V vs Na/Na" in the absence of carbon into
Li;_,Co00,. Then the delithated Li,_,CoO, is mixed with neat
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Na,CO; and Na,CO; + C, which were ground in a mortar,
respectively. The XRD patterns of both products (Figure 3b)
clearly show that, in the presence of carbon, formation of
Na,Li;_,Co0, occurred, while no new peaks can be found in
the absence of carbon. This result not only further proves that
the overall reaction is neither purely chemical nor purely
electrochemical but instead electrochemical—chemical
coupled, but also reveals the importance of carbon as an
electron donor to negate the electronic insulating nature of
Na,CO;.

Additionally, since both eq 1 and eq 2 can be easily
differentiated by analyzing their gaseous products, we applied
in situ differential electrochemical mass spectroscopy (DEMS)
to further confirm the reaction mechanism. For SC-LCO
(Figure 3c), CO, was detected from 3.6 V vs Na/Na* with no
sign of O, during the whole charging process. More
importantly, a quantitative analysis is carried out to determine
whether the generated CO, comes from Na,CO; decom-
position (see SI Figure S18 for detailed calculation). According
to eq 1, the theoretical amount of CO, released is calculated to
be 534 X 107° mol based on the accumulative charge
transferred between 3.6 and 4.0 V vs Na/Na*, which agrees
with the actual amount of CO, released, 5.05 X 107° mol, that
was measured by DEMS, confirming that the product of
carbon winds up as CO,. Therefore, the oxidation mechanism
for Na,CO; can be summarized as the chemical reaction
between Li,_,C00O,, Na,CO;, and carbon:

Yy

: y , 3
Li;_,CoO, + =Na,CO; + =C — Na,Li;_,Co0O, + =—CO
1 2T R T HLiy 2T, )

()
As no obvious position shift in the Co 2p;/, main peak can
be observed by ex situ XPS spectra from 3.7 to 4.1 V vs Na/
Na* (SI Figure S14). This could be attributed to a dynamical
equilibrium (indicated by the flat charge plateau) between the
redox center (Co) and the reactant CO,>~, where the rate of
electrochemical reaction (eq 4) approximately equals that of
chemical reaction (eq S). Hence a steady state has been
established between the constant consumption of Na,CO; and
electrochemical oxidation of cobalt:

NaLij_,CoO, — ze” — Na,_.Li_,CoO, + zNa™* (4)
. z z
Na,_ Li_,Co0O, + ENaZCO3 + ZC
— Na Li,_.CoO, + zCO T
yL 1—x 2 4 2 (5)
_ NaLi_,CoO, +
2Na,CO; + C — 4 —————— 4Na" + 3CO,1 (6)

It should be noted that the amount of Li* in the Na,Li;_,CoO,
was limited compared to Na® available from Na,CO;
decomposition (approximately 1:20 in molar ratio). Con-
sequently, the extraction of Li* during the decomposition
process could be ignored, and the whole process can be seen as
Na,CO; releasing Na® to the electrolyte through
Na,Li;_,CoO, in the role of catalyzer, which keeps the same
thermodynamic enthalpy in fully chemical reaction without
changing its composition (eq 6). As metallic Na is adopted as
the counter electrode in this study, the overall reaction could
be written as

Na,Lij_,CoO,
s

2Na,CO; + C 4Na + 3CO,1 (7)
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Figure 4. Improved Na-ion battery performance with the help of LCO. Voltage profiles of Na-CO, cells with (a) CNTs and (b) CNTs + LCO
electrodes under different cycle numbers with a limited specific capacity of 1200 mAh g™’, at 400 mA g~ '. (c) TEM images of Na,Li;_,CoO,
particles after first and SOth cycles (scale bar = 10 nm). (d) Initial galvanostatic voltage profiles of C-NMFO and P-NMFO in half-cells at the
current density of 10 mA g™. (e) Initial galvanostatic voltage profiles of C-NMFOIlhard carbon and P-NMFOllhard carbon full cells at the
specific current of 10 mA g~". (f) Initial galvanostatic voltage profiles of C-NFCMOllhard carbon and P- NFCMOllhard carbon full cells at

the specific current of 10 mA g™'.

From the results demonstrated above, the electrochemical—
chemical coupled catalysis mechanism is proposed. Upon
charging, LCO undergoes electrochemical delithiation to form
Li,_,CoO, (Figure 3d). Exhibiting high electrochemical
oxidation potential, the metastable Li,_,CoO, not only draws
Na* from Na,CO; into its layered structure by breaking the
strong O—Na ijonic bond but also extracts electron from the
carbon by oxidizing it (Figure 3e). As an extremely strong
Lewis acid, the positively charged carbocation simultaneously
combines with strong Lewis base (i.e, CO,*”) through C—O
bond reconstruction to form CO, (Figure 3f). The resulting
Na,Li;_,CoO,, which plays an intercalation catalyst to extract
Na" as driven by electrochemical potential while inserting Na*
from Na,CO;, will be electrochemically oxidized again and the
process is repeated (Figure 3g) until the depletion of Na,CO;,
which cuts off the reaction loop and leads to net desodiation.
The potential difference of particles- or facets-driven
spontaneous cation transfer between solid—solid interphases
has been previously reported in positive materials for Li-ion
batteries.”’™>* In this case, differing from traditional catalysis
following an adsorption—desorption process on an active facet
on interfaces, an intercalation-based redox mediator extends
the mass transport (i, Na*) deep into the interior of LCO
lattice. Therein, active redox centers (Co) are delocalized,
which enables the maximum use of the bulk of catalysts. To
confirm this feature, the size effect of LCO particles is also
investigated; it is found that by using larger LCO particles (~1
um), a large decomposition capacity of Na,CO; (278 mAh
g~") can still be achieved (SI Figure S19). Therefore, this type
of redox mediator is much less dependent on the surface area
compared with traditional ones, demonstrating enormous
potential for practical applications. We speculate that Li
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(Na)-ion diffusion in Na,Li;_,CoO, might be the rate-
determining step in larger particles, as it is the case in many
intercalating cathode materials. Therefore, in future study, it is
worth looking for ion hosts with better charge mobility.

Application in Na-lon Batteries. To leverage the
proposed mechanism in a Na-CO, battery, cathodes consisting
of carbon nanotubes (CNTs) and LCO are prepared (SEM
images are shown in SI Figure $20), while bare CNTs
electrodes are used as control. Galvanostatic cycling with fixed
discharge/charge capacity of 1200 mAh g™' is carried out at
the specific current of 400 mA g_l. As shown in Figure 4a,b,
the much lower charging voltage plateau of CNTs + LCO
(~3.65 V) compared with bare CNTs electrode (>4.2 V)
indicates that the discharge product can be efficiently oxidized.
This result outperforms many nanosized catalysts and is
comparable with noble metal-based ones for Na-CO, batteries
(SI Table S2). The SEM images of CNTs + LCO electrodes
after cycling were taken to verify the reversibility of the Na-
CO, battery. The Na,COj particles were decomposed at 3.6 V
and regenerated when discharged to 1.8 V after first and 10th
cycles (SI Figure S21). The CNTs also participated in the
decomposition reaction and still existed after cycling (SI
Figures S22 and S23). By comparing the TEM images of
Na,Li;_,CoO, particles at different cycle numbers, it can be
observed that the layered structure of Na,Li;_,CoO, particles
is well-preserved after SO cycles (Figure 4c), which is
supported by the XRD results (SI Figure S24). Owing to the
excellent structural reversibility, the charging potential of
CNTs + LCO electrode remained relatively stable (SI Figure
S25). Moreover, the effectiveness of CNTs + LCO in reducing
the overpotential is more prominent under a higher specific
current of 2000 mA g~ (SI Figure S26).
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Alternatively, the proposed mechanism has also been
explored as a Na-compensation method for Na-deficient P2-
type Na-ion cathodes. The SC-LCO composite was applied to
Na-ion half-cells with Na-deficient P2-type cathodes
Nay,Mn, ¢Fe,0, (NMFO). At the current density of 10
mA g™, a higher initial specific charge capacity can be achieved
in C-NFMO half-cell (Figure 4d). Note that the mass of the
SC-LCO composite has been included in the specific capacity
calculation for C-NFMO. By contrast, the addition of Na,CO,
itself cannot provide extra capacity for NFMO (SI Figure S27).
To further evaluate the effect of SC-LCO under more practical
situations, hard carbon was chosen as a Na-deficient anode to
assemble full cells with an N/P ratio of 0.83 (i.e., cathode-
controlled type).

In the presence of SC-LCO, the initial specific discharge
capacity is improved by 20 mAh g~' at the current density of
10 mA g~' (Figure 4e), which is in accordance with results of
half-cells. This result outperforms currently reported oxide Na-
compensation additives (SI Table S3). A similar Na-
compensation effect can also be achieved in
Nay,Fey,Cuy;Mnys0, (NFCMO)llhard carbon (Figure 4f)
and Nag;Mng;5C09,50, (NCMO)IIWSe, full cells (SI Figure
$28), demonstrating the high universality of this stragety.

CONCLUSIONS

In this work, we have discovered Na,Li;,_,CoO,, which is
formed from a LiCoO, via electrochemical process, as a cation
intercalating catalyst to activate the electrochemical oxidation
of Na,CO;. It is demonstrated that the composite electrode
follows an electrochemical—chemical coupled reaction mech-
anism, where electrochemically delithiated Li;_,CoO, serves as
an intercalating redox mediator to achieve spontaneous bulk
insertion of Na* and oxidation of carbon. Unlike traditional
catalyzing reactions that solely rely on single-site adsorption—
desorption processes, the spontaneous cationic intercalation
fully uses the bulk of catalysts via delocalizing active redox
centers to sync-break ionic bond (2Na*-(CO;)*”) and
covalent bond (C*-O* in (CO;)*"). As a result, efficient
decomposition of Na,CO; can be attained. The proposed
chemistry is furthermore found to not only reduce the charging
overpotential in Na-CO, batteries but also enable Na
compensation for various Na-deficient P2-type cathode
materials. We believe that the discovery of the mechanism
can enable inexpensive energy storage materials from those
compounds that were traditionally thought unfeasible for
harnessing electrochemical energy.

EXPERIMENTAL SECTION

Synthesis of LiCoO,. The LiCoO, nanoparticles were synthesized
by a sol—gel process. First, Co(CH;C0O0),-4H,0 and Li(CH;COO)-
2H,0 were dissolved in deionized water in a molar ratio of 1:1. Then
the critric acid monohydrate and ethelene glycol mixing solution (in a
1:4 molar ratio) was slowly dropped into the above solution. The
resulting solution was stirred at 90 °C for 6 h to form a sol and
calcinated at 400 °C for 3 h to obtain precursor. Finially, the
precursor was calcinated at 900 °C for 10 h to form LiCoO,.

Preparation of Na,CO;. The commercial Na,CO; (Aladdin,
99%) powder was ball-milled for 20 h to reduce particle size as the
pristine reagent.

Preparation of CNTs + LCO Composite Powder. A 70 mg
amount of commercial CNTs and 20 mg of LiCoO, nanoparticles
were dissolved in 10 mL of ethanol and dispersed with the ultrasonic
cell pulverizer for 3 h. Then, the mixture solution was ultrasonically
heated at 70 °C to volatilize the ethanol completely.
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Preparation of Na,CO;/LiCoO, Composite Powder. The
LiCoO, nanoparticles and Na,CO; powder were ball-milled for 20
h in the mass ratio of 1:9 to obtain the Na,CO;/LiCoO, composite
powder.

Synthesis of P2 Phase Sodium Cathodes. The sodium ion
battery cathodes Nay,Mn,¢Fe,,0,, Nag-Fe;,Cuy Mng0,,
Nay;Mng75C0y,50,, and Nay;,CoO, were synthesized by conven-
tional solid-state synthesis route. Stoichiometric amounts of Na,COj,
Mn,0;, Fe,0; CuO, Co;0, and NiO powders were selectively
mixed and thoroughly ground in a mortar, and then calcinated at 700
°C for 10 h in a box furnace. After cooling to room temperature, the
products were transferred to an Ar-filled glovebox to avoid any
moisture contamination.

Preparation of Li;_,CoO, Powder. A 0.1 g amount of LiCoO,
powder was directly rolled onto aluminum foil as cathode. We
assembled it into a half-cell with Li metal anode, Celgard film as
separator, and 1 M LiPFy electrolyte solution in EC/EMC (v/v =
3:7). After this was charged to 4.2 V, we disassembled the cell and
rinsed the electrode with DMC to obatin Li;,_,CoO, powder.

Characterizations. The crystalline structures of materials and
electrodes were investigated in a Bruker D8 Advance X-ray
diffractometer (XRD) with a Cu Ka radiation source. The
morphology and elemental distribution were characterized with a
scanning electron microscopy (SEM, Zeiss SUPRA-SS) apparatus
equipped with an energy dispersive X-ray spectrometer (EDS). The
FTIR was performed on a Fourier transform infrared (FTIR)
spectrometer (VERTEX 70 V). The microstructure of the material
was characterized by the high-resolution transmission electron
microscopy (HRTEM, JEM-100F). TEM samples were prepared
using the focused ion beam (FIB, FEI Scios) method. Particularly, for
CNTs, the powder was dispersed through ice bath ultrasound for 10—
15 min and directly dropped on the copper mesh for the TEM test.
The SC-LCO electrode was characterized by X-ray photoelectron
spectra (XPS, ESCALAB 250XL). During XPS measurements, the
base pressure of the sample chamber was kept below 3.0 X 107"
mbar. The obtained emission lines were calibrated by C 1s signal at
284.6 eV. To determine the stoichiometric proportion of
Na,Li;_,Co0,, the SC-LCO eletrodes were charged to different
potentials and disassembled. Then the powder obtained from the
eletrodes was soaked in deionized water for 3 h and dried off under
vacuum. The elemental composition was determined using ICP-AES
(Horiba Jobin Yvon JY2000-2).

In Stiu X-ray Diffractometer (XRD). The in situ XRD
experiments were performed in the Bruker D8 Advance diffractometer
equipped with Cu Ka radiation. The X-ray patterns were collected
sequentially during the first charge process in a specific coin cell. The
cover of the coin cell has a round detection window covered by thin
polyimide film.

In Stiu Differential Electrochemical Mass Spectrometry
(DEMS). In stiu DEMS (HPR-20 EGA) was used to track O,, CO,
and CO, gas evolution during the first charge process. The cell
consisted of a sodium anode, electrolyte (1 M NaPFq in ethylene
carbonate (EC)/diethyl carbonate (DEC) (v/v = 1:1)), and the
working positive electrode was purged continuously with Ar gas. The
evolved gases were detected in the mass spectrometer in real time
followed by Ar gas.

In Situ Atomic Force Microscopy (AFM). In situ AFM was
carried out through a fluid cell as shown in Figure S7. To imitate the
real batteries, the working electrode was composed of active material
(Na,COj; with or without LiCoO,), AB, and PVDF in the same mass
ratio (8:1:1) coating on the smooth aluminum substrate. The sodium
metal grain was directly used as the reference and the counter
electrodes. The amount of electrolyte of the in situ cell was about 0.1
mL in each test. All of the in situ AFM tests were conducted in an Ar-
filled glovebox with H,0 and O, < 0.1 ppm. A CHI660E
electrochemical workstation (Chenhua Instument Co., Ltd., China)
was used for LSV tests of in situ cells. The AFM images were acquired
at a Bruker Multimode 8 system by using an insulating silicon nitride
AFM tip in Scansyst-fluid mode, scanning at a rate of 0.5 Hz. The
potential was swept from OCP to 4.8 V (vs Na/Na*) gradually.
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Electrochemical Quartz Crystal Microbalance (EQCM). The
EQCM measurements were measured with the combination of a
QCM922 quartz crystal microbalance and a VersaSTAT 3
potentiostat/galvanostat. Mixtures of Na,CO;, AB, and PVDF with/
without LiCoO, in the mass ratio of 8:1:1 were dripped on the gold-
coated quartz crystal to compose working electrodes (reference
frequency of 9 MHz). The sodium metal strings concurrently acted as
counter and reference electrodes. The LSV curves were obtained from
OCV to 4.3 V at the scan rate of 1 mV/s. The mass change of the
electrode during the reactions can be calculated from the collected
frequency of the quartz crystal with the following equation:

2
AP g

where Af is the frequency change of the gold-coated quartz crystal
electrode, f,* is the resonant frequency of the quartz crystal, A is the
active crystal surface, pq is the density of the quartz (2.648 g cm™3),
Jiq is the shear modulus of the quartz (2.947 X 10" g em™ s72), and
Am is the mass change of the electrochemical process in the working
electrode.

In Situ Shell-Isolated Nanoparticle-Enhanced Raman Spec-
trometry (SHINES). In order to collect shell-isolated nanoparticle-
enhanced Raman signal (SHINER), the gold nanoparticles with a
diameter of 40 nm coated with an ~3 nm SiO, shell were synthesized.
Then the Au@SiO, nanoparticles dispersed solution was dripped
onto the specific cathode surface and dried under vacuum. The
cathode was assembled at the bottom of the cell with the active
material face upward, and both the membrance and Na foil were
punched with a small hole in the center. On the top of the cell was
also punched a small hole and fixed with a thin sapphire window for
the laser and Raman signals’ entry and collection. The Raman spectra
were record using a Renishaw microscope spectrometer with a 633
nm wavelength. The laser beam power delivered to the electrode
surface was 10% of the maximum 17 mW intensity. The Raman
spectrum acquisition time was 300 s. The galvanostatic charge process
was carried out on a Neware electrochemical workstation.

Na-CO, Battery Tests. The cathodes of the Na-CO, battery were
obtained by ball milling LiCoO,/CNTs composite powder and
Nafion (mass ratio = 9:1) in ethanal for S h to obtain a well-dispersed
slurry, which was further cast on the carbon paper with mass loading
of ~1.5 mg/cm’®. The Na-CO, battery was assembled with Na metal
anode, glass fiber as membrane, and 0.5 M NaPF electrolyte solution
in tetraethylene glycol dimethyl ether (TEGDME) in an Ar-filled
glovebox and run in a small glovebox with pure CO, atmosphere.

Na-lon Half-Cells and Full Cells. The electrode with P2-type
cathode was prepared by mixing the active material, acetylene black
(AB) and poly(vinylidene difluoride) (PVDF) in a mass ratio of 8:1:1
and casting onto the Al foil. The Na-ion half-cell was assembled with
Na metal anode, glass fiber as membrane, and 1 M NaPF electrolyte
solution in EC/DEC (v/v = 1:1). The full cell was assembled with
hard carbon (Kuraray) to replace the Na metal anode. The
galvanostatic charge and discharge process was performed on Neware
battery test systems. The linear sweep voltammetry (LSV) was tested
at a scan rate of 0.1 mV s™' from 1.5 to 4.2 V.
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