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ABSTRACT

Insertion-type metal oxide anode materials for lithium-ion and sodium-ion batteries commonly offer excellent cycling stability.
However, their reversible capacity is eventually constrained by the finite number of available active sites within their crystal
structures. Herein, the effect of introducing Sb into insertion-type CeO, (Sb-CeO,) is investigated as an effective strategy to
overcome this intrinsic limitation. Compared to neat CeO,, it shows a substantially increased capacity owing to the extended
redox activity of the Sb dopant while generally maintaining the insertion-type reaction mechanism of the CeO, host matrix.
Interestingly, Sb-CeO, demonstrates promising performance in both Li-cells and Na-cells. Although the capacity contribution of
Sb is slightly reduced in Na-cells compared to Li-cells, the former benefit from a highly stable solid electrolyte interphase layer
and a remarkable rate capability in combination with an ether-based electrolyte. This is demonstrated also in sodium-ion cells
comprising an Sb-CeO, anode and a Na;V,(PO,); cathode, showing excellent power performance up to a dis-/charge rate of 50C.

1 | Introduction applications [4-6]. For both technologies, the performance of
the electrode materials, especially the anode material, remains
critical for achieving a remarkable energy density, fast-charging

capability, and long-term stability [7].

The extensive and continuously increasing global demand for
efficient and sustainable energy storage technologies has rapidly
accelerated the investigation and further development of
advanced secondary batteries, particularly Li-ion and Na-ion

batteries (LIBs, SIBs) [1, 2]. Although LIBs dominate mobile
electronics and electric vehicles largely thanks to their high
energy density and long-term cycling stability [3], concerns
regarding lithium cost, resource abundance, and distribution
have stimulated increasing interest in SIBs as a promising
alternative, especially in the context of grid-scale energy storage

Carbon-based anodes, specifically, graphite and hard carbon,
are currently the state of the art for commercial LIBs and SIBs,
respectively, owing to their high capacity and good cycling
stability in combination with relatively low cost [8-12]. How-
ever, their low de-/lithiation and de-/sodiation potentials in-
crease the likelihood of metal plating, particularly when
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applying high current densities and/or when operated at low
temperatures, thereby raising safety concerns and limiting their
fast-charging capability [13, 14].

A potential alternative is alloying-type anode materials such as
Sb, Sn, or Si, which offer even higher theoretical capacities
commonly, but suffer from severe volume changes during cycling,
which results in an unstable solid electrolyte interphase (SEI),
electrode pulverization, and rapid capacity fading [15-24].
Insertion-type metal oxides such as Li;TisO,,, TiO,, and CeO,
have therefore been explored as safer alternatives for LIBs and
SIBs due to their relatively higher operating potentials, which
effectively suppresses the risk of metal deposition compared with
carbon-based anodes [12, 25-30]. In addition, their rigid oxide
frameworks accommodate Li*/Na* ions with minimal lattice
distortion, resulting in reduced mechanical stress and excellent
cycling stability [26-28]. However, their practical application is
often constrained by relatively low reversible capacities, arising
from the intrinsically limited redox activity of the comprised
transition metal cations [25, 28, 30]. Overcoming this capacity
limitation, while preserving the inherent safety and structural
stability of insertion-type materials, remains a veritable challenge
and has motivated the development of various strategies,
including advanced material designs and compositional engi-
neering [26, 28, 30, 31].

For our approach to complement these advances, we chose CeO,
as a model electrode material because of its good structural sta-
bility as a robust host framework with cerium being able to be
reversibly reduced from Ce*" to Ce*" and its three-dimensional
oxygen sublattice in the fluorite structure that provides open
pathways, enabling fast ion diffusion [28, 30]. Recent studies
have demonstrated that introducing redox-active dopants can
expand the charge-storage mechanism of CeO, beyond the
classical insertion [28, 30]. For example, Fe-doped CeO, enables
an additional redox reaction (Fe>*/Fe®), significantly enhancing
capacity without compromising structural robustness [28]. A
variety of dopants has been explored (outside the battery research
domain) to tune the electronic structure and defect chemistry of
Ce0,, including cations such as Zn**, Gd**, Nb°*, and Sn**
[32-35]. These dopants have been shown to change the oxygen-
vacancy concentration and modify the electronic conductivity.
However, it remains unclear whether potentially redox-active
dopants—particularly those capable of a multi-electron
conversion—can further extend this concept and enable higher
capacities, while maintaining fast charge storage kinetics.

Herein, we investigate Sb-doped CeO, (Sb-Ce0,), serving as a
new anode material for LIBs and SIBs to explore whether Sb can
introduce an additional redox reaction within the CeO, host. A
comprehensive set of electrochemical measurements combined
with X-ray techniques, including operando X-ray diffraction
(XRD), ex situ X-ray absorption spectroscopy (XAS), ex situ soft-
XAS, and ex situ X-ray photoelectron spectroscopy (XPS), is
utilized to elucidate the reaction process and surface chemistry.
The Sb-CeO, electrode demonstrated promising performance
within Li-cells and Na-cells, providing a remarkable rate capa-
bility, as also demonstrated in Sb-CeOz||Na3V2(PO4)3 (NVP)
full-cells at dis-/charge rates up to 50C.

2 | Experimental

Synthesis: Sb-CeO, was synthesized using a hydrothermal reac-
tion. In more detail, 3.908 g of Ce(NO3);-6H,0 (Thermo Scien-
tific) and 0.2281 g of SbCl; (Sigma-Aldrich) were dispersed into
60 mL of deionized water under continuous stirring for at least
1 h. Subsequently, 15 mL of an aqueous 5 mol L' NaOH (Sigma-
Aldrich) solution was added dropwise to the mixture under
constant magnetic stirring. The product was loaded into a 100-
mL Teflon-lined vessel of a stainless-steel autoclave (Berghof
BR-100) and subjected to hydrothermal treatment at 200°C for
24 h with continuous stirring. After naturally cooling to ambient
temperature, the produced precipitate was collected by centri-
fugation, thoroughly washed with deionized water and ethanol,
and then dried at 60°C for 12 h. Neat CeO, was prepared anal-
ogously without adding SbCl;.

Physicochemical characterization: XRD was performed on a
diffractometer (Bruker D8 Advance) using Cu Ka radiation
(A = 1.5418 A) over a 20 range of 20°-140°. XPS spectra were
obtained with a spectrometer (PHI 5800 Multi Technique ESCA
system, Physical Electronics) using monochromatic Al Ko radi-
ation (300 W). XPS spectra calibration was conducted by setting
the C 1s peak to 284.8 eV. Samples were transferred into the XPS
load lock under an inert atmosphere to protect the surface from
contamination. XAS experiments were performed at the LISA
beamline (BM-08) of the European Synchrotron Radiation Fa-
cility (ESRF) in Grenoble, France [36]. The study examined the Sb
K-edge (30,491.2 eV) and the Ce Lyj-edge (5723.4 eV), employing
a pair of Si (311) flat monochromator crystals, which provided an
energy resolution of around 4 x 10> (AE/E). Harmonic rejection
at the Ce and Sb K-edge (E.yiofr ® 41 keV) and the Ce Ly-edge
(Ecut-oft ® 16 keV) was achieved using focusing mirrors coated
with Pt and Si, respectively. Data were collected in transmission
or fluorescence mode, depending on the absorber weight. For the
XANES region, energy increments of 0.5 eV for the Ce Lyj;-edge
and 1 eV for the Ce and Sb K-edges were used, respectively,
whereas the post-edge EXAFS region was recorded using a con-
stant k step width of 0.05 A™'. The extraction of the structural
EXAFS signal (ksx(k)) was carried out following an established
procedure, including the pre-edge background removal [37],
spline modeling of the bare atomic background, edge step
normalization using a region far above the edge, and energy
calibration using the software ATHENA [38]. Model atomic
clusters, centered on the absorber atom, were obtained using
ATOMS [39], starting from the models reported by Barret et al.
[40] for Sb-Sb scattering paths and Jansen [41] for Sb-O scattering
paths, and modified in order to get satisfactory fit results. A simple
model was also implemented for Sb-Sb/Ce scattering paths by
randomly substituting Sb for Ce in the cerianite structure and
fixing distances according to the fit results [42]. The FEFFS8 code
was used to generate phase functions and theoretical amplitude
[43]. The ARTEMIS software was employed to fit EXAFS spectra
in the Fourier-transform (FT) space [38]. The data are available at
the ESRF data portal [44]. Ex situ soft-XAS was carried out at the
BEAR beamline of Elettra in Trieste, Italy [45]. The signal was
normalized to the incident beam and the monitor signal. The
photon energy was calibrated using the C K-edge at n—n* exci-
tation. The samples were placed in the load lock and experimental
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chamber under an inert Ar atmosphere to prevent air exposure.
UV-Vis absorption measurements were carried out between 200
and 800 nm using a UV-Vis spectrophotometer (Shimadzu UV-
2600). (High-resolution) Transmission electron microscopy
((HR)TEM), energy dispersive X-ray spectroscopy (EDX), and
selected area electron diffraction (SAED) were performed
employing a Thermo Scientific Talos F200i microscope with a
200-kV operating voltage. The elemental composition of the
materials was additionally analyzed by inductively coupled
plasma optical emission spectrometry (ICP-OES) using a Spectro
Arcos FHS12 spectrometer from Spectro Analytical Instruments.
For this purpose, the samples were dissolved in aqua regia using a
microwave digestion system to ensure complete dissolution.

Electrode preparation: The electrode slurries were prepared by
combining the active material (CeO, or Sb-CeO,), conductive
carbon (Super C65T, TIMCAL) and binder (sodium carbox-
ymethyl cellulose, CMC, and Dow Wolff Cellulosics) in deionized
water with a weight ratio of 75:20:5 by ball milling for 2 h. Den-
dritic copper foil (Schlenk, 99.9%) was used as the current col-
lector. After being dried at room temperature, the electrode tapes
were cut into 12-mm discs with an active material mass loading of
about 1.5 mg cm % For the operando XRD measurements,
employing a self-designed cell setup [46], the electrode slurries
were prepared analogously but cast on a beryllium (Be) disk. For
the ex situ XAS analysis, the CeO, and Sb-CeO, electrodes were
prepared by spreading the slurries on carbon paper (QuinTech).
The NVP cathode slurry (the NVP powder was synthesized
following a previous report) [47], comprising the active material,
conductive carbon (Super C65T, TIMCAL), and polyvinylidene
fluoride (PVAF 6020, Solvay) in a 75:20:5 weight ratio in
N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich), was cast on
aluminum foil and then dried at 60°C. The active material mass

loading of the NVP cathodes was about 2.0 mg cm 2.

Electrochemical characterization: CR2032 coin-type cells (Hoh-
sen and MTI) were used for the electrochemical characteriza-
tion. Half-cells were constructed with the prepared CeO, or Sb-
CeO, electrodes as working electrodes, lithium or sodium metal
discs as counter/reference electrodes, and glass fiber sheets (GF/
D, Whatman) as separators. For the full Na-ion cells, the as-
sembly followed a similar procedure, except that the metal disc
was replaced with an NVP cathode. The capacity ratio of the
negative and positive electrodes (N/P) was about 1.1. All cells
were assembled in a glove box (MBraun, H,O < 1 ppm;
0O, < 1 ppm) filled with Ar. The electrolyte for the Li-cells was
1M LiPF4 in ethylene carbonate/diethyl carbonate (EC/DEC,
mixed in a 3:7 weight ratio, UBE), whereas 1M NaPFq in
dimethoxyethane (DME, Sigma-Aldrich) was used as an elec-
trolyte for the Na-cells and full Na-ion cells. Cyclic voltammetry
(CV) measurements were carried out either at a constant sweep
rate of 0.1 mV s~ between 0.01 and 3.0 V or at increasing sweep
rates in the same potential range. Galvanostatic cycling was
conducted at 0.1 A g~ ! or increasing dis-/charge rates from 0.01
to 3.0 V for both Li-cells and Na-cells. The preliminary evalu-
ation of the NVP cathode was carried out in Na-cells via gal-
vanostatic cycling between 2.5 and 4.2 V using either increasing
dis-/charge rates or a constant C rate of 20C set after 10 acti-
vation cycles at 1C (1C = 120 mA g_l). Full Na-ion cells were
cycled within a voltage range from 0.1 to 3.7 V at 20C after
10 activation cycles at 1C (1C = 120 mA g ') or at increasing

dis-/charge rates. Electrochemical impedance spectroscopy
(EIS) was carried out in a frequency range from 200 to 0.01 kHz
using a voltage amplitude of 10 mV. The obtained Nyquist plots
were analyzed using a nonlinear least squares (NLLS) fitting
method exploiting the Boukamp software [48, 49], and only fits
with a y? value below 10~ were accepted. A VMP 3 potentiostat
(BioLogic) was used to conduct CV and EIS measurements. A
Maccor 4000 battery tester was used to conduct the galvano-
static measurements. All electrochemical tests were carried out
at 20°C using thermostatic climatic chambers.

DFT calculations: To investigate the atomic structure of
Sb-Ce0,, and in particular the local environment of Sb, density
functional theory (DFT) calculations were performed, applying
the VASP code [50, 51]. The generalized gradient approximation
in the formulation of Perdew, Burke, and Ernzerhof was used to
account for exchange and correlation [52]. A 2 x 2 x 2 supercell
of CeO,, containing 96 atoms, was created and subsequently
optimized with respect to atomic coordinates and cell volume,
using an energy cut-off of 600 eV in combination with a
3 x 3 x 3 k-point mesh. Furthermore, by replacing a Ce atom
with Sb, a Sbg 0s25C€0.937502 phase was created and optimized
with the same settings. Subsequently, different positions of the
Sb atom and distortions of the surrounding local environment
were investigated.

3 | Results and Discussion

3.1 | Synthesis and Physicochemical
Characterization

Sb-doped CeO, nanocrystals (Sb-CeO,) were synthesized using a
hydrothermal reaction. The XRD pattern with corresponding
Rietveld refinement results is presented in Figure 1A. The
observed Bragg reflections correspond to the Fm-3m space
group with no detectable impurity phases such as Sb,O; or
Sb,0s5 [53, 54], confirming the formation of a phase-pure ma-
terial. The refined parameters for Sb-CeO, provided in Sup-
porting Information S1: Table S1 indicate that the lattice
parameter of the synthesized material, that is, a = 5.4224(2) A,
aligns with that of cubic CeO,, 5.4178(1) [28], although the
incorporation of Sb seems to lead to a moderate lattice expan-
sion, possibly arising from oxygen interstitials [55]. Compared
with CeO,, Sb-CeO, shows a significantly reduced Bragg
reflection intensity, indicating a decreased order and crystal-
linity owing to the substitution of Ce by Sb (Supporting Infor-
mation S1: Figure S1A). Raman spectra (Supporting
Information S1: Figure S1B) show a sharp F,, band near
465 cm™ ' for CeO,, corresponding to the M-O symmetric
stretching in the fluorite lattice [56]. Sb incorporation caused a
significant band broadening, indicative of an increased
disorder—in line with the observations from the XRD results,
whereas the absence of a feature near ~600 cm ', typically
associated with oxygen vacancies [56, 57], suggests a negligible
concentration of oxygen vacancies. The composition of the Sb-
CeO, composite and the valence states of the constituent ele-
ments were first evaluated by XPS. The survey spectrum (Sup-
porting Information S1: Figure S2A) shows the expected
presence of cerium, oxygen, and antimony in the sample. The
binding energies of the high-resolution peaks were referenced to
the adventitious C 1s signal at 284.8 eV (Supporting Information
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FIGURE 1 | Physicochemical characterization of the Sb-CeO, powder. (A) Rietveld refinement. High-resolution XPS spectra in the (B) Ce 3d and
(C) Sb 3d/0 1s regions. (D) XANES spectra collected at the Ce Lyj;-edge for Sb-CeO, and CeO,. (E) Sb K-edge XANES spectra and (F) the 1st derivative
spectra of Sb-CeO, and of Sb,05 and Sb,0s reference compounds. (G) Sb K-edge kz—weighted EXAFS region and (H) Fourier transform (uncorrected
for phase shifts) of Sb-CeO, and relative multiparameter fit. (I) UV-Vis absorption spectra for Sb-CeO, and CeO,. The insets show the corresponding

Tauc plots for the energy band gap determination.

S1: Figure S2B). The Ce 3d high-resolution XPS spectra of CeO,
(Supporting Information S1: Figure S3) and Sb-CeO, (Figure 1B)
display multiple peaks arising from intrinsic multiplete splitting
and final-state effects, characteristic of Ce 3d photoemission,
and show the presence of both Ce*" and Ce*" species. For Sb-
CeO,, the peaks at binding energies of 882.3, 888.7, and
898.1 eV are assigned to Ce*" (Ce 3ds,,), whereas those at 880.7
and 885.0 eV correspond to Ce*" [58-60]. A finite Ce*"
contribution is also observed for CeO,, which may be attributed
to the partial reduction of Ce*" under the ultrahigh vacuum
conditions during the XPS measurement [57, 61]. Notably, the
relative Ce>" content is higher in Sb-CeO, than in CeO, (Sup-
porting Information S1: Table S2), which may reflect a com-
bined effect of measurement-induced surface reduction and Sb-
induced modification of the local electronic structure and
charge compensation. Since XPS is surface-sensitive, though,
the bulk Ce oxidation state was further investigated using bulk-
sensitive XAS, which will be discussed at a later stage. In the O
1s high-resolution spectrum shown in Figure 1C, the intense
peak (Oy) at 529.4 eV is attributed to lattice oxygen [58, 60]. The
second peak related to oxygen (Op) at 531.2 eV is related to

carboxyl/carbonate species, which are also seen in the C 1s
spectra (Supporting Information S1: Figure S2B), and possibly
also to hydroxyl groups [59]. Furthermore, it has been reported
that oxygen anions near O vacancy sites in the vicinity of Ce*"
also contribute to this peak [58, 60, 62, 63]. Finally, the last
oxygen peak at 532.6 eV corresponds to C-O groups. In addition
to the oxygen peaks, a Sb 3d peak doublet at 530.3 and 539.7 eV
is also detected. The measured binding energy is between that
reported for Sb,05 (~530 eV) and Sb,05 (~531 V) [64], whereas
X-ray absorption near edge structure (XANES) analysis un-
equivocally demonstrates an extensive dominance of Sb>* in Sb-
CeO, (see below). The observed small downshift of the binding
energy in Sb-CeO, compared to Sb,Os is possibly related to a
different environment for the Sb>* cations [64]. Additional de-
tails on the chemical environment in Sb-CeO, are provided by
the XANES analysis displayed in Figure 1D-F. The Ce Li;-edge
spectra in Figure 1D, recorded for CeO, and Sb-CeO,, exhibit
nearly identical spectral profiles and edge positions with the
characteristic double-peak feature of Ce*", and no obvious
spectral signatures associated with Ce*" are observed. This in-
dicates that cerium remains predominantly in the Ce*" state in
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the bulk for both samples. Although XPS reveals a higher Ce*"
contribution at the surface for Sb-CeO,, the XAS results suggest
that such Ce** species are confined to the near-surface region or
are below the detection limit of bulk-sensitive XAS. Moreover,
the comparison of the normalized XANES spectra and relative
first derivatives of Sb-CeO,, Sb,0s, and Sb,0; in Figure 1E,F
indicates that the bulk oxidation state of Sb is Sb>" in Sb-CeO,.
Based on the above results, it is concluded that Ce is predomi-
nantly present in the +4 oxidation state and Sb in the +5 state,
with no clear experimental evidence for extensive oxygen or
cation vacancies. Besides a potentially minor contribution from
Ce’* species in the near-surface region, charge neutrality may
also be accommodated by the incorporation of interstitial oxy-
gen [55], as suggested earlier by the observation of an expanded
crystal lattice in the presence of Sb, and as further discussed in
the following. Along these lines, the Sb K-edge EXAFS
(Figure 1G,H, Supporting Information S1: Table S3) indicates
that Sb>" is locally coordinated by 6 O atoms at a distance of
1.97(1) A, and the coordination number used for the fit is in
perfect agreement with that derived using the bond-valence
model (5.9) [65]. The analysis of the weak second shell peak
centered at ~3.4 A in the EXAFS Fourier transform (Figure 1H)
can be fitted with a mixed Sb-Sb/Ce contribution, indicating
that Sb is actually incorporated in the CeO, structure with a
(very) minor tendency to cluster. The reduced apparent coor-
dination number observed by EXAFS implies a local rear-
rangement of the oxygen sublattice around Sb. Such a
rearrangement may involve the displacement of a subset of
oxygen atoms to longer distances, rendering them less visible in
the first coordination shell, and giving rise to an EXAFS-visible
SbO¢ environment. Within this framework, charge compensa-
tion may be accommodated either by local lattice distortion, by
the presence of a small amount of oxygen interstitials, or by a
combination of both effects. The UV-Vis spectra of Sb-CeO, and
CeO, in Figure 1I reveal a slight shift of the peak from 296 to
307 nm upon Sb doping, indicating a decrease of the band gap
from 3.50 eV for CeO, to 3.22 eV for Sb-CeO,, as depicted in the
corresponding Tauc plots in the inset [66]. In addition to this
band-gap narrowing, the substitution of Ce*" by Sb>" in-
troduces extra electrons for charge compensation, which in-
creases the electronic carrier concentration [67]. Together, these
effects account for the enhanced electronic conductivity of Sb-
CeO,. In summary, the data presented in Figure 1 confirm
that Sb has been successfully incorporated into the CeO, lattice,
leading to an enhanced conductivity.

To better understand the crystal structure of Sb-CeO, and the
possible local environments of Sb, DFT calculations were per-
formed. Pristine CeO, adopts the cubic fluorite structure with
Ce occupying the cation sites and forming a cubic on-center
CeOg coordination (Figure 2A). Upon Sb substitution, Sb still
preferentially occupies the Ce site in the fluorite lattice
(Figure 2B, left). However, the local rearrangement of the sur-
rounding oxygen sublattice can lead to distorted coordination
environments in which Sb exhibits an effective sixfold coordi-
nation (SbOg), with two additional oxygen atoms at longer dis-
tances (one representative model is shown in Figure 2B, right).
Although the ideal on-center SbOg configuration is energetically
slightly more stable, the energy difference relative to the dis-
torted configurations is minimal, rather small (about 1 meV per
atom). Taking into account that different orientations of the

distorted configuration are possible, this will result in additional
configurational entropy, such that for higher (preparation)
temperatures and increasing Sb contents, the distorted config-
urations, featuring SbOg environments, may indeed become
more stable.

The morphology and elemental distribution of/in Sb-CeO, were
investigated by TEM-EDX, as displayed in Figure 2C-I. The
analysis shows a primary particle size of less than 10 nm, as
suggested by the low-magnification image in Figure 2C and
confirmed by the high-resolution TEM micrograph shown in
Figure 2D. The measured lattice fringes of 0.31 and 0.27 nm
detected in Figure 2D can be assigned to the (111) and (200)
planes of cubic CeO, [28], respectively, and are well matched by
the selected area electron diffraction (SAED) rings presented in
Figure 2E, which also shows the (220) and (311) planes of cubic
CeO, [28], in agreement with the Rietveld refinement results
discussed in Figure 1. Furthermore, the high-angle annular
dark-field scanning TEM (HAADF-STEM) image in Figure 2F,
combined with the EDX maps in Figure 2G-I, indicates that Sb
is generally distributed rather homogeneously throughout the
particles, whereas a few localized regions with relatively higher
Sb intensity are observed as well. This distribution may be
attributed to the low Sb doping level combined with differences
in atomic number contrast and the limited spatial resolution
and thickness sensitivity inherent to EDX analysis. Nonetheless,
EXAFS fitting suggests a (very) minor Sb-Sb contribution,
indicating that a small degree of local Sb clustering cannot be
excluded. The atomic percentages of Ce and Sb were examined
by both EDX and ICP-OES analyses (Supporting Information S1:
Table S4). Although EDX provides semi-quantitative informa-
tion and indicates a Ce/Sb atomic ratio close to 9/1, ICP-OES
measurements are supposed to yield a more accurate Ce/Sb
ratio, which also turns out to be around 9/1, thus confirming the
EDX results and, as a result, the intended stoichiometry.

3.2 | Electrochemical Characterization

The electrochemical properties of Sb-CeO, were evaluated in Li
and Na half-cells. The CV data for Sb-CeO, in Li-cells are pre-
sented in Supporting Information S1: Figure S4. The cathodic
peaks observed during the first cycle at 1.27 and 0.60 V versus Li*/
Li are assigned to the partial decomposition of the electrolyte to
form an SEI layer and to the Lit uptake within the Sb-CeO,
matrix, respectively, accompanied by the reduction of Ce and Sb
according to the Ce*"/Ce*" and Sb>"/Sb** (or Sb°) redox couples
[68, 69], whereas the reduction peak at 0.01 V versus Li*/Li
suggests the Li insertion into the conductive carbon [70].
Accordingly, the following broad anodic peak at 0.25 V versus
Li*/Li is assigned to the deinsertion of Li* from the conductive
carbon, and the broad peaks between 1.2 and 2.0 V versus Li*/Li
are assigned to the Li* extraction from Sb-CeO, and the re-
oxidation of the redox-active elements [71]. During the
following cycles, a shift of the Ce/Sb reduction potential to around
0.8 V versus Li*/Li and the modification of the signal shape to a
broad wave are observed, reflected during charge by the centering
of the oxidation process at 1.2 V versus Li*/Li. The decrease in
polarization of the reduction and oxidation processes, accompa-
nied by an increase in the current intensity for both processes,
indicates the enhanced kinetics and efficiency of the redox pro-
cesses of Ce and Sb [70]. The galvanostatic dis-/charge profiles
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FIGURE 2 | Structural characterization of Sb-CeO,. (A) Crystal structure of pristine CeO, with the fluorite lattice and (B) optimized crystal
structure of Sb-doped CeO, obtained from DFT calculations. (C) Overview TEM and (D) HR-TEM micrographs. (E) SAED pattern. (F) HAADF-
STEM micrograph, and the corresponding EDX elemental mapping results of (G) Sb, (H) Ce, and (I) O.

reported in Figure 3A related to the long-term cycling of Li || Sb-
CeO, cells at 0.1 A g~ show an initial discharge and charge
capacity of 235 and 153 mAh g, respectively, resulting in a first-
cycle Coulombic efficiency (CE) of 65%, accounting for a rela-
tively high irreversible capacity caused by SEI formation. In
accordance with the CV data, the following cycles exhibit a
gradual shape change of the voltage profiles with a shift to lower
potentials. The improvement in efficiency of the Sb-CeO, elec-
trochemical process in Li-cells is well displayed in Figure 3B.
Indeed, the CE shows a gradual increase from 65% to 95% in the
first 7 cycles, eventually stabilizing at 99%, whereas the charge
capacity reaches a maximum of 153 mAh g~ ! within the initial 7
cycles and stabilizes at 122 mAh g * at the 150th cycle, resulting in
a capacity retention of 80%. Differently, the CeO, reference
electrode shows an initial discharge and charge capacity of 199
and 136 mAh g, respectively. The charge capacity decreases in
the following and arrives at 89 mAh g~ ! after 100 cycles, yielding
to a retention of only 65%, as depicted in Supporting Information
S1: Figure S5. The increased specific capacity and capacity
retention of Sb-CeO, stems from the incorporation of Sb into the
CeO, lattice. The rate capability of Sb-CeO, in Li-cells was also
investigated, showing charge capacities of 161,137,115, 90, 73, 64,
57,49, and 38 mAh g71 at 0.05, 0.1, 0.2, 0.5, 1.0, 1.5, 2.0, 3.0, and
5.0 A g, respectively, as presented in Figure 3C (the corre-
sponding dis-/charge profiles are provided in Supporting

Information S1: Figure S6). When decreasing the specific current
back to 0.1 A g, the cells show a high capacity recovery of 98%,
indicating a high structural stability of the electrode material.

The investigation of the electrochemical behavior of Sb-CeO, in
Na-cells via CV is reported in Supporting Information S1: Figure
S7. The voltammograms show a variegated electrochemical
process where two cathodic peaks at 0.73 and 0.53 V versus
Na*/Na are identified in the initial cycle, accounting for elec-
trolyte decomposition and SEI formation and the reduction of
Ce and Sb, whereas the signal at around 0.04 V versus Na'/Na
indicates the insertion of Na™ ions into the conductive carbon
[30, 72, 73]. During the subsequent anodic scan, the de-insertion
of the Na™ ions from the carbon matrix is observed at 0.07 V
versus Na'/Na [73], followed by rather broad peaks located at
0.9 and 1.5 V versus Na*/Na, corresponding to the extraction of
Na™ from the crystalline structure and the concomitant oxida-
tion of Sb and Ce [30, 72]. The origin of the distinct peak
observed at 2.1 V versus Na*/Na might also be related to the
reoxidation of the metal cations and/or a partial reoxidation of
SEI components. Notably, the subsequent cycles evidence the
stabilization of the Ce/Sb reduction processes at 1.3 and 0.4 V
versus Na*/Na, whereas the corresponding oxidation reactions
appear to take place largely at around 0.9 V versus Na*/Na, with
several additional broad anodic features between 1.4 and 2.7 V
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FIGURE 3 | Electrochemical characterization of Sb-CeO, electrodes in Li-cells and Na-cells. (A) Selected dis-/charge profiles and (B) capacity
trend as a function of the cycle number recorded at 0.1 A g~* in Li-cells. (C) Rate capability test performed on Li-cells between 0.05 and 5 A g™,
(D) Selected dis-/charge profiles and (E) capacity trend as a function of the cycle number recorded at 0.1 A g~ ' in Na-cells. (F) Rate capability
test performed on Na-cells between 0.05 and 5 A g '. EIS spectra recorded during the cycling of (G) Li-cells and (H) Na-cells in the
200-0.01 kHz frequency range (voltage amplitude: 10 mV). (I) Comparison of the pseudocapacitive contribution at various CV sweep rates in Li-

cells and Na-cells (the corresponding voltammograms are shown in Supporting Information S1: Figure S11).

versus Na*/Na [30]. The galvanostatic dis-/charge profiles of the
Na || Sb-CeO, cells recorded at 0.1 A g ' (Figure 3D) display an
initial discharge and charge capacity of 184 and 156 mAh g *,
respectively, resulting in a CE of 85%, indicating less irreversible
side reactions in the first cycle compared to the Li-cell. In
addition, the subsequent cycles reveal a relatively mild shape
change of the voltage profiles, whereas the cycling trend
depicted in Figure 3E shows a CE approaching 100% after the
first few cycles, and a final charge capacity of 118 mAh g™ " after
150 cycles, with a capacity retention of 75%. Differently, the
sodium storage properties of the CeO, reference electrodes,
displayed in Supporting Information S1: Figure S8, show a
maximum charge capacity of around 100 mAh g ' and a ca-
pacity retention of 82% upon completing 100 cycles, which is
very comparable with the capacity retention of Sb-CeO, after the
same number of cycles (ca. 80%). Remarkably, the Na || Sb-CeO,
cells exhibit an improved rate capability with respect to the
analogous Li-cells (Figure 3F), as demonstrated by the delivered
charge capacities of 169, 150, 140, 123, 108, 92, 82, 70, and
56 mAh g' at 0.05, 0.1, 0.2, 0.5, 1, 1.5, 2, 3, and 5 A g,
respectively (the corresponding dis-/charge profiles are shown
in Supporting Information S1: Figure S9). Given that the rate

performance is also strongly affected by the choice of the elec-
trolyte system, we conducted a control experiment using 1M
NaPF¢ in EC/DEC as the electrolyte for the Na-cells (Supporting
Information S1: Figure S10). In this case, the Sb-CeO, electrode
exhibits a markedly inferior rate capability, accompanied by a
low initial CE of 60%, and increased polarization compared with
its behavior in the ether-based electrolyte. This behavior is
consistent with previous reports indicating less favorable inter-
facial kinetics in carbonate-based electrolytes for SIBs [74, 75].
Together, these results indicate that optimizing the electrolyte
system and the resulting interfacial chemistry are crucial to
improve the initial (and average) CE and rate performance [76].

The reactions at the electrode | electrolyte interface for both Li-
cells and Na-cells were investigated by EIS, as reported in
Figure 3G,H, respectively. The NLLS analyses of the Nyquist plots
recorded after the 1st, 10th, and 20th cycle at 0.1 A g * are pre-
sented in Table 1, where the Li-cells and Na-cells are described by
R(R1Q1)(R>Q2)(RwQy) and the R(R,Q:)Qg equivalent circuits,
respectively, composed of (i) R., derived from the high-frequency
intercept of the Nyquist plot, representing the electrolyte resis-
tance, (ii) R;, the interphase resistance derived from the middle-
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TABLE 1 | NLLS analyses performed on the Nyquist plots reported in were recorded on Li || Sb-CeO, and Na|| Sb-CeO, cells upon cycling at

01Agh

Cell type Condition Equivalent circuit R, (Q) R, (Q) R; (R, + Ry) () x [2]

Li-cell After 1 cycle Ro(R;1Q1)(R5Q2)Qw 142 £ 0.8 68.6 = 1.1 82.8 £ 0.9 2 x107°
After 10 cycles R(R10))(R2Q,)Qy, 11.1 £ 1.1 46.7 + 1.8 578 £ 1.5 5x107°
After 20 cycles R(R101)(R>Q,)Qu 11.8 4+ 0.7 48.7 £ 1.1 60.5 + 0.9 2% 107°

Na-cell After 1 cycle R(R1Q1)Q, 1.66 £+ 0.02 — 1.66 £+ 0.02 2x107°
After 10 cycles Ru(R1Q1)Q; 1.44 + 0.03 — 1.44 + 0.03 5% 1073
After 20 cycles R(R,Q1)Q; 1.46 + 0.04 — 1.46 + 0.04 3x10°°

frequency semicircles’ width and measured by the sum of the R,
elements (n = 1, 2) set in parallel with the capacitive Q, elements,
and (iii) either Q,, the infinite Warburg-type ion diffusion
determined from the low-frequency tilted line, or Q,, the geo-
metric cell capacitance defined by the high-frequency vertical line
[48, 49]. The analyses reveal an initial interfacial resistance of
83 Q for the Li-cells after the first cycle that decreases to ~60 Q in
the following ones, whereas the Na-cells exhibit very low values
below 2 Q in the considered cycling range. The NLLS results
confirm the improvement of the kinetics upon cycling for the Li-
cells, as discussed in Supporting Information S1: Figure S4 and
Figure 3A,B, as well as the superior conductivity of the interphase
formed in Na-cells, which well matches the better rate capability
with respect to the Li-cells. A further understanding of the dif-
ference in kinetics related to the Sb-CeO, electrodes in Li-cells
and Na-cells is provided by the determination of the contribu-
tion of the nondiffusion-controlled (i.e., pseudo-/capacitive)
charge storage to the general electrochemical process. Supporting
Information S1: Figure S11 shows the CV data obtained for Sb-
CeO, in Li-cells (Supporting Information S1: Figure S11A,B)
and Na-cells (Supporting Information S1: Figure S11C,D) at
various sweep rates ranging from 0.1 to 3.0 mV s~ *. The pseudo-/
capacitive contribution was calculated using Equation (1)
[77, 78]:

i(V) = kv + ko2, (1)

where i(V) is the current recorded at the specific potential (V) and
v is the sweep rate. The diffusion-controlled and pseudo-/capac-
itive contributions of the electrochemical process can be quanti-
fied by k,v*? and kv, respectively, where k; and k, are
determined from the slope and the intercept of the i(V)/v/? versus
v2 plot [77, 78]. The contribution of the pseudo-/capacitive
process calculated from the CV data at different sweep rates is
displayed in Figure 3I. The analysis reveals a higher pseudo-/
capacitive contribution for the Na-cells compared to the Li-cells,
with values increasing from 39% to 75% for the former and from
22% to 59% for the latter between 0.1 and 3.0 mV s~ '. This might
be (in part) related to the rather different interfacial reactions of
the two systems—in the case of the Na-cells benefiting from the
very low interfacial resistance—and provides an explanation for
the superior rate capability of the Na-cells.

3.3 | Comprehensive Study of the Reaction
Mechanism

To investigate the structural evolution of Sb-CeO, during cycling
in Li-cells and Na-cells, a comprehensive analysis of the

electrodes was performed by operando XRD and ex situ XAS, as
depicted in Figure 4. Figure 4A-C shows the operando XRD
patterns of Sb-CeO, collected during the first two cycles in Li-cells
(Figure 4A) along with the corresponding waterfall diagram
(Figure 4B) and dis-/charge profiles (Figure 4C). The intensity of
the XRD reflections slightly decreases during the lithiation pro-
cess in concomitance to the shift of the peaks to lower 26 degrees,
indicating the enlargement of the unit cell during the discharge
process until about 1.0 V, whereas below this value, all the re-
flections of Sb-CeO, remain nearly unchanged in both peak po-
sition and symmetry, indicating the stability of the cell unit and
structure. Upon the following charging process, a shift back to the
original 26 values occurs at voltages above 1.0 V, confirming the
remarkable structural integrity of Sb-CeO, upon repeated cycling.
Moreover, no other phase except the one related to cubic CeO, is
detected during cycling, being well in line with a solid solution-
type reaction during the de-/lithiation process, as observed
earlier for Fe-doped CeO, [28].

The same evaluation was performed for Na-cells, as presented in
Figure 4D-F. The operando XRD characterization (Figure 4D,E)
reveals a constant shift of the reflections to lower 26 values
during the whole sodiation process and a shift back to the
original position and intensity in the fully desodiated state
(Figure 4F), indicating that, also in this case, the crystal struc-
ture of Sb-CeO, is well maintained. Again, no new phases are
observed other than the one for cubic CeO,. Overall, the oper-
ando XRD results demonstrate the structural reversibility of the
CeO, host framework in Sb-CeO, during electrochemical
cycling in both Li-cells and Na-cells.

The investigation of the chemical states of Ce and Sb in Sb-CeO,
during dis-/charge was conducted by ex situ XAS, specifically
XANES, as displayed in Figure 4G-J. Figure 4G presents the Ce
Lyj;-edge spectra of Sb-CeO, discharged to 0.01 V in Li-cells and
Na-cells, alongside the spectra of pristine Sb-CeO,, CeO,, and
Ce,(S0,); serving as references. Upon discharge to 0.01 V,
cerium in Sb-CeO, is reduced from Ce** to Ce>*, as indicated by
the edge shift toward values approaching that of Ce,(SO,);. The
position of the Ce Ly-edge for the electrode discharged in Li-
cells is located at a slightly lower energy compared to that of
the electrode discharged in Na-cells, indicating a more pro-
nounced reduction of Ce*" to Ce>", which is in line with the
higher capacity and can be assigned to the larger ionic radius of
Na® and the resulting space requirement in the crystal struc-
ture. Interestingly, the Ce Ly-edge of the Sb-CeO, electrodes in
Li-cells (Figure 4H) shows a significantly greater shift back after
recharge to 3.0 V, close to the peak position of pristine CeO,,
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FIGURE 4 | Bulk-sensitive investigation of the charge storage mechanism. Operando XRD analysis of Sb-CeO, electrodes during the first two

cycles in (A-C) Li-cells and (D-F) Na-cells: (A, D) waterfall diagrams, (B, E) contour plots with blue and red indicating minimum and maximum
XRD reflection intensities, respectively, and (C, F) the corresponding dis-/charge profiles. (G, H) Ce Lyj-edge and (I, J) Sb K-edge XAS spectra
recorded for (G, I) Sb-CeO, electrodes discharged to 0.01 V and (H, J) for Sb-CeO, electrodes either at the pristine state or charged to 3.0 V in Li-
cells and Na-cells. (K-N) Ex situ EXAFS spectra and corresponding multiparameter fit for pristine and dis/-charged Sb-CeO, (“+” denotes
experimental data; the solid lines represent the fitting results). (K, M) The Sb K-edge k*weighted EXAFS region of Sb-CeO, electrodes
(K) discharged to 0.01 V and (M) charged to 3.0 V. (L, N) The Fourier transforms of the EXAFS for the Sb-CeO, electrodes (L) discharged to

0.01 V and (N) charged to 3.0 V.

indicating a very reversible redox reaction of Ce, whereas the
edge of the electrode cycled in Na-cells remained at a somewhat
lower energy, suggesting a relatively limited oxidation of Ce.

Similarly, the Sb K-edge spectra of the Sb-CeO, electrodes dis-
charged to 0.01 V in Li-cells and Na-cells (Figure 41, Supporting
Information S1: Figure S12A) reveal that Sb is largely reduced in
both cases, essentially to its metallic state, as confirmed by
comparing the spectra with the spectrum recorded for Sb metal
foil. The same indication is provided by the EXAFS analysis
(Figure 4K,L, Supporting Information S1: Table S3) where the
signal is dominated by an Sb-Sb scattering path with interatomic
distances (2.81 and 2.84 A for the lithiated (0.01 V Li) and

sodiated (0.01 V Na) samples, respectively) slightly shorter than
those typical of elemental Sb (2.84 A), but in line with previous
findings for Fe-doped CeO, [28], while also a minor contribu-
tion from Sb-O interaction observed, further highlighting the
atom-level reduction of Sb in this structure. Also in this case, the
reoxidation to Sb>" appears more pronounced for the electrodes
cycled in Li-cells upon charge to 3.0 V, as indicated by the
comparison with the spectrum recorded for Sb,Os, whereas it
remains incomplete for the electrodes cycled in Na-cells
(Figure 4J, Supporting Information S1: Figure S12B), indi-
cating an oxidation state between +3 and +5 (see the compar-
ison with the spectra obtained for Sb,O; and Sb,Os). The very
similar Sb-O bond distances revealed by EXAFS (Figure 4M,N,
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Supporting Information S1: Table S3) in pristine, delithiated
(3.0 V Li) and desodiated (3.0 V Na) samples indicate, from a
structural perspective, the reversibility of the reaction. In the
desodiated sample, however, the lower amplitude reduction
factor (Sy%), together with the higher Debye-Waller factor (¢%),
indicates some additional disorder in the local structure of Sb, in
agreement with the mixed-valence suggested by the XANES
analysis. These results reveal a generally higher reversibility for
the de-/lithiation process compared to the de-/sodiation process,
which agrees well with the higher specific capacity and capacity
retention observed for the Li-cells.

In order to obtain a deeper understanding of the reaction
mechanism and the differences observed for Li and Na, a
detailed investigation of the surface chemistry of the Sb-CeO,
electrode was performed using ex situ soft-XAS in total electron
yield (TEY) and total fluorescence yield (TFY) mode to provide
valuable information at different probing depths. Figure 5A,B
shows the TEY Ce M-edge spectra of the pristine Sb-CeO,
electrode and the ones cycled in Li-cells (Figure 5A) and Na-
cells (Figure 5B). The results reveal that the intensity of the
Ce-related peaks substantially decreases upon discharge to
0.01 V, which is attributed to the formation of an SEI layer at the
electrode surface [79]. When subsequently charging the cells to
3.0 V, though, the intensity of the Ce-related peaks increases
again—in particular for the Li-cells, indicating that the SEI is
largely dissolved/re-oxidized. For the Na-cells, this increase is
substantially less pronounced, suggesting that the SEI is much

Ce M-edge
Ce® Li-cell |B " Na-cell
 Cet* TEY| Ce* Ce TEY

L L2

Y
|

N

M, M5 M,
880 890 900 910 880 890 900 910
Photon energy (eV)

Pristine ——0.01V, 1st —3.0 V, 1st —3.0 V, 50th|

FIGURE 5 | Surface-sensitive investigation of the charge storage
mechanism. Ce M-edge soft-XAS spectra in (A, B) TEY and (C, D)
TFY mode of pristine and cycled Sb-CeO, electrodes retrieved either
from (A, C) Li-cells or (B, D) Na-cells after the 1st discharge to
0.01 V, the 1st charge to 3.0 V, and the 50th charge to 3.0 V.

more stable in this case. After 50 cycles (at 3.0 V), the Ce-related
peaks exhibit a general decrease in intensity in both cases,
which can be explained by the gradual growth and thickening of
the SEI over cycling. It is worth noting that for the Ce M-edge
signals in TEY mode, the features of Ce*" are more intense
than those of Ce*", regardless of the state of charge of the
electrodes, which is due to the reduction of Ce** to Ce>* upon
exposure of the samples to the experimental conditions and
radiation [61, 80, 81].

Figure 5C,D shows the Ce M-edge spectra collected in TFY
mode, which provides information from deeper probing depths,
reducing the signal contribution from the outer SEI with respect
to the TEY mode. Generally, they confirm the reduction to Ce*"
upon discharge to 0.01 V in the Li-cell (Figure 5C) and the
reoxidation to Ce*" upon charge to 3.0 V, although with a
slightly lower intensity compared to the pristine state, indicating
a partially incomplete reoxidation and/or the earlier mentioned
sample damage. In fact, the spectra recorded after the 50th
charge show a further decrease of the Ce*" peak intensity,
indicating the partial suppression of the Ce*"/Ce*" redox ac-
tivity during cycling, which is in agreement with the gradual
capacity decay observed in Figure 3B. Likewise, the first
discharge of the Na-cell (Figure 5D) causes the reduction of
Ce*t to Ce*'; however, the extent of this reduction is smaller
than that observed in the Li-cell, consistent with the XAS results
presented in Figure 4G,H. After 50 cycles, there is little differ-
ence observed compared to the charged state after the first
complete cycle, further supporting the conclusion that the SEI is
significantly more stable in the case of Na.

The chemical composition of the SEI at the Sb-CeO, electrode
surface has been analyzed by taking a closer look at the C, F, O, Li,
and Na K-edges (Figure 6). The Li, C, and Na K-edges have been
analyzed only in TEY mode, whereas O and F have also been
analyzed in TFY mode. Figure 6A displays the C K-edge soft-XAS
spectra of Sb-CeO, electrodes cycled in Li-cells, revealing that the
EC/DEC solvents decompose during the first discharge at 0.01 V
to form Li,CO; (290.2, 297.1, and 300.4 e¢V) and ROCO,Li
(288.4 eV) species in the outer region of the SEI layer [79, 82-84].
The intensity of these components decreases after the 1st charge
at 3.0 V, yet after 50 cycles, they are higher in the charged state,
supporting the earlier observation of an initial dissolution of the
SEI during the first charge and its subsequent consolidation
throughout cycling. Similarly, the TEY C K-edge spectra reported
in Figure 6B collected for the Sb-CeO, electrodes cycled in Na-
cells with an electrolyte comprising DME as solvent show an
SEI layer dominated by Na,CO5 (290.1, 297.5, and 300.6 €V) with
minor amounts of sodium alkoxides such as RCH,ONa or RONa
(288.8 eV) after the first discharge to 0.01 V [85, 86]. The pre-
dominance of Na,CO; demonstrates that the decomposition of
such ether-based electrolyte favors the formation of an inorganic-
rich interphase. Importantly, these features decrease only slightly
upon charge and there is also very little change after 50 cycles,
corroborating the superior stability of the SEI formed in Na-cells
compared to Li-cells.

At the TEY Li K-edge (Figure 6C), the 1st discharge yields pro-
nounced ROCO,Li-related features (59.8, 65.1 e¢V) and a weaker
Li,CO; peak (61.7¢eV)[87, 88]. After subsequent chargingto 3.0V,
these features decrease, whereas LiF-related features appear at
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FIGURE 6 | Investigation of the reactions occurring at the electrode | electrolyte interface. Soft-XAS spectra of Sb-CeO, electrodes at the pristine
state and electrodes retrieved from (A, C, E, G, I, K) Li-cells and (B, D, F, H, J, L) Na-cells after the 1st discharge to 0.01 V, the 1st charge to 3.0 V, and
the 50th charge to 3.0 V: (A, B) TEY C K-edge spectra, (C) TEY Li K-edge spectra, (D) TEY Na K-edge spectra, (E-H) F K-edge spectra in (E, F) TEY
and (G, H) TFY mode, and (I-L) O K-edge spectra in (I, J) TEY and (K, L) TFY mode.

61.7 and 69.8 eV, indicating the partial dissolution of the outer
carbonate/organic layer and exposure of an inner LiF-rich layer.
After 50 cycles, the carbonate-related peaks increase again,
whereas LiF appears attenuated in the TEY spectra, presumably
as it is covered by other species in an outer layer. These results
reveal a dynamic SEI in Li-cells, undergoing repeated dissolution
and re-accumulation. The Na K-edge spectra (Figure 6D) display a
different evolution: After the first discharge, very broad, essen-
tially indistinguishable features above 1077 eV are observed,
presumably comprising Na,CO5 and NaF [89]. Upon charging to
3.0 V, the intensity decreases slightly, reflecting a partial disso-
lution of such Na-containing species. However, after 50 cycles, the
broad peak increases again in intensity, demonstrating a consol-
idation of the SEI, though much less pronounced than in the case
of the Li-cells.

The F K-edge could better support the evolution of NaF/LiF
during the cycling process. The TEY F K-edge spectra for cycled

electrodes in Li-cells (Figure 6E) show an increase in intensity for
the LiF-related peaks (692.5 eV) after the 1st charge to 3.0 V owing
to the dissolution of the outer SEI, indicating that LiF predomi-
nantly contributes to the inner layers of the SEI film and remains
rather stable upon charging, which is consistent with previous
reports [90]. After 50 cycles, a reduction in intensity is observed,
which can be attributed to the rebuilding of the outer SEI layer,
masking the inner F signal. The same behavior is observed for the
P-F species (690.0 and 696.5 eV), likely derived from residual
LiPF4 degradation products [91, 92]. The significantly higher in-
tensity of the LiF-related peaks compared to those of LiPF4 and
LiPF, suggests that LiF is the dominant F-containing component
within the SEI inner layer. The TEY F K-edge spectra for elec-
trodes cycled in Na-cells demonstrate a somewhat different peak
evolution over the cycling process (Figure 6F). In detail, the NaF
signal (692.0 eV) slightly decreases after the first charge to 3.0 V
and increases again after 50 cycles, indicating the presence of NaF
also in the external layer of the SEI, unlike LiF [91]. Notably, the
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intensities of the F K-edge spectra in the case of the Na-cells
display a rather minimal variation throughout cycling, indi-
cating a much more stable SEI layer than the one formed in Li-
cells. This stability suggests that the SEI in Na-cells is less prone
to continuous growth and reformation, potentially contributing
to the lower impedance. Deeper probing via the TFY mode
(Figure 6G,H) still shows LiF/NaF with a similar evolution to that
in the TEY mode. Figure 61,J shows the spectra of TEY O K-edge
for cycled electrodes in Li-cells and Na-cells, respectively. In both
cases, prominent features appear at 533.6 eV, corresponding to
the formation of alkyl carbonates, such as ROCO,Li, or sodium
alkoxides, such as RCH,ONa or RONa. Additionally, features
at 533.9, 540.1, and 544.7 eV are observed, which are consistent
with the formation of Li,CO; in Li-cells and Na,CO; in Na-cells
[83, 86, 89]. Besides, Sb-CeO,-related peaks (O K-edge and Sb
M-edge) can be observed in the range from 530 to 537 eV [93].
When discharged to 0.01 V, the Sb-CeO,-related peaks vanish and
peaks related to Li,COj (Li-cells) and Na,COj3 (Na-cells) become
more pronounced, indicating the formation of the SEI layer.
When charged to 3.0 V, the Sb-CeO,-related peaks partially
reappear in Li-cells, in line with a partial dissolution of the SEI
layer on the electrode surface. For the Na-cells, the reappearance
of the Sb-CeO,-related peaks is substantially less pronounced,
further corroborating the formation of a more stable SEI layer in
Na-cells. After 50 cycles, the features related to Li,CO; and
ROCO,Li or Na,CO; and sodium alkoxides still show up in both
Li-cells and Na-cells; and although the Sb-CeO,-related peaks are
still observed for the Li-cells, they are almost not visible anymore
for the Na-cells.

The TFY spectra at the O K-edge (Figure 6K,L) provide further
insights into the SEI evolution. Different from the TEY spectra,
despite discharging to 0.01 V, the Sb-CeO,-related peaks are still
detectable in both cases, indicating that the thickness of the SEI
layer is less than the average TFY probing depth at the O K-edge.

The composition of the SEI and its evolution in Na-cells was
further examined by ex situ XPS (Supporting Information S1:
Figure S13). Essentially, the same peaks are observed for the Sb-
CeO, electrodes after the first discharge to 0.01 V, the first
charge to 3.0 V, and after 50 cycles in the charged state. The C 1s
signal at 284.8 eV is assigned to C-C and C-H species, the peak
at 286.4 eV is attributed to the C-O bond, which may arise from
ether fragments and sodium alkoxides (RONa, RCH,ONa), and
the peaks at 288.2 and 290.1 eV are attributed to O-C=0 and
CO; bonds, respectively, originating from alkyl carbonates
and Na,CO; species (Supporting Information S1: Figure S13A)
[73, 94]. The slight decrease of the Na,COj; signal after charge to
3.0 V aligns with the TEY C K-edge soft-XAS results, indicating
a partial dissolution upon charge and stabilization upon cycling.
This evolution is confirmed by the comparison of the Na,CO;
signal in the Na 1s spectra (Supporting Information S1: Figure
S13B), showing exactly the same trend. The NaF peak at about
1071 eV displays only very minor changes upon cycling, con-
firming at the same time its presence throughout the SEI and its
greater robustness compared to the Li-cells.

Overall, combining the soft-XAS and XPS results shows that the
SEI in the Li-cells is comprised of ROCO,Li, Li,COs3, and LiF
with a dynamic outer layer and a relatively stable inner LiF-rich
layer, whereas for the Na-cells, a relatively inorganic-rich SEI is

formed, dominated by Na,CO; with minor amounts of Na-
alkoxides and more uniformly distributed NaF, with the SEI
in the Na-cells being favorable for the interfacial charge trans-
port (along with a lower Na™ desolvation barrier in the DME-
based electrolyte) [95], as revealed earlier by EIS. The evolu-
tion of the SEI layer on the electrode surface during cycling in
Li-cells and Na-cells is schematically summarized in Supporting
Information S1: Figure S14.

3.4 | Evaluation in Sb-CeO, || Na;V,(P0,); Full-
Cells

To finally evaluate the performance in full-cells, we studied
exemplarily the combination with NVP-based positive elec-
trodes in sodium-ion full-cells. NVP was selected as the counter
electrode active material because of its excellent rate capability
up to 50C (Supporting Information S1: Figure S15A,B) and
cycling stability with a very good capacity retention of 98% after
500 cycles (Supporting Information SI1: Figure S15C,D),
matching the very good rate capability of the Sb-CeO, in Na
half-cells. The Sb-CeO, || NVP full-cells were assembled with an
N/P ratio of 1.1 and the results are presented in Figure 7.
Figure 7A,B shows the results of the rate capability test with
selected dis-/charge profiles displayed in Figure 7A and the plot
of the specific capacity versus the cycle number in Figure 7B.
The shape of the dis-/charge profiles reflects the combination of
the shape of the two electrodes and the cell has an average cell
voltage of about 2.2 V at 1C, whereas elevated C rates lead to
an increasing overpotential for the charge and discharge
process—as commonly expected. Nonetheless, at a very high C
rate of 50C, the cells still provide about 50% of the capacity
obtained at 1C, revealing an excellent rate capability and power
performance. More precisely, the cells show a specific discharge
capacity of 112, 101, 93, 86, 77, 68, 62, and 55 mAh g_1 at 1C,
2C, 3C, 5C, 10C, 20C, 30C, and 50C, respectively (based on the
mass of the Sb-CeO, negative electrode; see Supporting Infor-
mation S1: Figure S16 for the same plots based on the mass of
the NVP positive electrode), which is even more remarkable
considering that the cells and the N/P ratio have not yet been
optimized in any way. When the C rate is decreased back to 1C
after 80 cycles, the discharge capacity reaches 93 mAh g%,
corresponding to 83% of the initial value.

Additionally, cells were subjected to a constant current cycling
at a very high C rate of 20C and the results are presented in
Figure 7C,D. The evolution of the corresponding dis-/charge
profiles reveals a slight increase in polarization upon cycling,
along with a slight “shortening” of the dis-/charge profiles,
suggesting a loss of capacity, presumably originating from the
loss of electrochemically active lithium owing to the still-to-be-
optimized stability at the electrode | electrolyte interface(s). This
is further corroborated by the analysis of the corresponding
dQ/dV plots, revealing a slight shift of the peak maxima and
decrease in current intensity (Supporting Information S1: Figure
S17). These findings suggest that the interfaces may still benefit
from further stabilization—for instance, by optimizing the
electrolyte composition and/or applying protective coatings.
Nonetheless, the Sb-CeO, | NVP full-cells show a rather stable
performance for about 200 cycles with a capacity retention of
73% and an average CE of around 99.8% (Figure 7D), confirming
that this new class of anode materials, containing highly redox-
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being calculated based on the mass of the NVP cathode active material).

active atomic centers in an insertion-type host framework,
indeed, provides an excellent power performance and offers the
possibility to rapidly charge the cells at very high C rates.

4 | Conclusions

The partial substitution of Ce by Sb in cubic CeO, results in
substantially increased specific capacities and an enhanced
cycling stability in Li-cells and Na-cells. Operando XRD and ex
situ XAS reveal pronounced lithium/sodium insertion into the
cubic crystal structure along with the reduction of the antimony
dopant to the metallic state upon lithiation/sodiation, rendering
this material very versatile concerning a potential application in
these two different battery technologies. Interestingly, the
capability to host lithium cations is greater than for sodium
cations, suggesting that there is a “size effect”, that is, that there
is simply more room for the smaller lithium cations in the host
structure, whereas the interfacial resistance in the Na-cells is
significantly smaller—presumably also owing to the different
nature of the electrolyte used, yielding a better rate capability
despite the somewhat thicker (and more stable) SEI formed at
the electrode surface, as evidenced by ex situ soft-XAS and XPS
experiments. Finally, the combination of Sb-CeO, with NVP
cathodes in Na-ion full-cells confirms the excellent fast charging
capability up to a very high C rate of 50C, underlining the
suitability of this new reaction mechanism for high-power
rechargeable batteries.
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