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Oxide-based all-solid-state sodium-ion batteries present a safer, more
robust and more sustainable alternative to lithium-ion batteries,
though fabrication challenges persist, particularly during co-sintering.
In this study, we demonstrate that by adding sodium borate-based
sintering aids to highly conductive NazZr,(SiO4),(PO4) (NZSP)-based
materials, both a lower sintering temperature and high ionic
conductivity can be achieved. Specifically, the mixture of Na,COs and
B,Os as a sintering aid is crucial, and samples sintered at 900 °C with
a Naz 4Zr1 05Al 05(S5i04)2.35(PO4)o.65 composition exhibits a Nat ion
conductivity exceeding 4 x 1073 S cm~! at room temperature. These
materials are also compatible with co-sintering alongside hard carbon
anode materials. The all-solid-state cell, featuring a composite elec-
trode of spherical hard carbon particles and optimized NZSP-based
electrolytes, demonstrated stable charge—discharge performance at
room temperature, retaining a capacity of 140-220 mA h g~ across
80 cycles.

Oxide-based all-solid-state sodium-ion batteries (Na ASSBs) are
regarded as a safer, more robust, and more sustainable alter-
native to traditional lithium-ion batteries (LIBs). However,
challenges persist in their fabrication, particularly in the co-
sintering of materials such as electrolytes, electrode active
materials, and other components."” NASICON-type NazZr,(-
Si0,),(PO,4) (NZSP)-based materials are promising candidates
for solid electrolytes due to their high ionic conductivity and
moderate sintering temperatures. Through various chemical
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modifications, the ionic conductivity of NZSP-based electro-
Iytes, which are sintered at around 1250 °C, can reach levels
comparable to sulfide-based electrolytes.*” (For summary of
reported data, see ESI Table S1.7) Recently, we demonstrated
that optimizing the Si/P ratio and introducing a small amount
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Fig. 1 Sinterability and microstructure of NZSP-based electrolytes
sintered at 900 °C for 12 h in air. (a) The relative density of the NZSP,
NZS;,35P, and NZAS, zsP ceramics, as the function of the wt% of
2Na,COs + B,Os (N,B) additive, and NZAS;35P-10Na,B4O;. The
relative density is based on the theoretical value (3.27 g cm ) for NZSP
for simplicity. (b—e) Surface SEM images for NZAS; 35P (b) without the
sintering aid (average grain size of <0.3 um), (c) with 10 wt% N,B (0.7
um), (d) with 10 wt% NB»(0.6 um), and (e) with 10 wt% Na,B,O, (0.5
um).

This journal is © The Royal Society of Chemistry 2025


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ta07954j&domain=pdf&date_stamp=2025-01-11
http://orcid.org/0000-0003-2000-508X
http://orcid.org/0000-0003-0391-4599
http://orcid.org/0000-0002-4537-0692
http://orcid.org/0000-0003-4546-5197
http://orcid.org/0000-0003-2867-2127
http://orcid.org/0000-0002-4413-6511
https://doi.org/10.1039/d4ta07954j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta07954j
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA013003

Open Access Article. Published on 23 December 2024. Downloaded on 3/13/2026 10:48:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication
of Al dopant resulted in a record conductivity of 6 x 10 > Scm ™"
at room temperature (RT).?

To address the need for lower sintering temperatures, liquid-
phase sintering aids have been investigated.”” For example,
NazBO; can lower sintering temperatures to 700-900 °C (ref. 10
and 14) while maintaining an RT conductivity more than 1 X
107 S em ! for a material sintered at 900 °C.™* (For sintering
temperature-conductivity trend, see ESI Fig. S1.1) This study
focuses on further enhancing the conductivity by employing the
chemically-modified NZSPs combined with sodium borate-
based sintering aids. Our findings show that a total conduc-
tivity of >4 x 107 S ecm ™! at RT is achievable at a reduced sin-
tering temperature of 900 °C using the optimal chemical
composition and preparation method.

The study also incorporates hard carbon (HC) as an electrode
active material in a composite electrode for Na ASSBs,
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highlighting the compatibility of high-conductivity, low-
sintering-temperature materials. HCs, or non-graphitizing
carbons, are widely recognized as suitable sodium-insertion
negative electrode materials for liquid-electrolyte-based
sodium-ion batteries."*>" Well-engineered HCs can deliver
even higher electrochemical capacities*** than the theoretical
value for lithium in graphite insertion compound (Li-GIC,
372 mA h g7 "), with a smaller volume expansion upon full
insertion/deinsertion (13.2% for C to LiCs).>* The latter property
may be particularly beneficial for ASSB systems, which often
consists of materials with lower mechanical compliance.”
However, despite the potential of HCs, their integration via
sintering has not been extensively explored, likely due to the
challenging reactivity between oxide and carbon materials. This
study successfully demonstrates the compositing of NZSP-based
electrolytes with HC through atmospheric pressure sintering at
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lonic conductivity measured by EIS. (a) Nyquist plots for NZSP-10N,B (black), NZS;, 35P-10N,B (blue), and NZAS; z5P-10N,B (red) at —40 °

C (open symbols), with fitting curves (solid lines) by equivalent circuit modeling (inset). The semicircles corresponding to the grain boundary
(parallel R,-CPE,) components are shaded. (b) Nyquist plots of the total conductivity measured for NZAS; 35P-10N,B at temperatures ranging
from —40 to 25 °C. (c) Arrhenius plots of the total conductivities at temperatures ranging from —40 to 50 °C for the samples in (a). (d) Total
conductivity of NZSP-10N,B, NZS; 35P-10N,B, and NZAS, s5P-yN,B (y = 0-20) at 25 °C (e) total conductivity of NZSP-10N,B (open square),
NZS, 35P-10N,B (open hexagon), NZAS; 3sP added with different ratios of Na,COz and B,O= from N3B to NBs (filled circles), and NZAS; 35sP added
with Na,B,Oy (filled triangle) at 25 °C.
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900 °C, achieving good electrochemical performance at RT
without the need for organic or liquid agents.

In our previous study,® ceramic samples with the composi-
tions NazZr,(Si0,4),(PO,) (NZSP), Naj35Zr,(Si04)2.35(PO4)o.65
(NZS,35P), and Nagz4Zry.95Alo.05(S104)2.35(PO4)o.es (NZAS; 35P)
were prepared by sintering at 1270 °C in air. Among these, the
Al-doped NZAS, ;5P exhibited the highest ionic conductivity. In
this study, a 10 wt% mixture of Na,CO; and B,0; in a 2 : 1 molar
ratio (abbreviated as 10N,B) was added into the three base
compositions, and dense ceramics were obtained by sintering at
900 °C for 12 h in air. Additionally, NZAS, ;5P samples with
varying amounts (y wt%) of N,B, ranging from 0 to 20 wt%
(NZAS, 35P-yN,B), as well as samples containing 10 wt%
Na,B,0 (NZAS, 35P-10Na,B,0;), were prepared for comparison.
X-ray diffractometry (XRD) confirmed that these samples
predominantly consist of NASICON-type crystals with a mono-
clinic space group C2/c, along with minor secondary phases of
ZrO, (ESI Fig. S27). Rietveld analysis was performed on the XRD
patterns of NZSP-10N,B and NZAS, ;sP-10N,B (ESI Fig. S3,
Tables S2 and S31), confirming that crystallographic features of
NASICON phases inherit those of NZSP and NZAS, ;5P in our
previous study.®* The amount of ZrO, in these samples was
typically ~5%.

Fig. 1 presents the relative densities of the samples, along
with scanning electron microscopy (SEM) images of the sintered
surfaces for selected samples. The relative density peaks aty =
10 wt%, indicating that this is the optimal additive amount for
densification. The composition of the NZSP-based materials has
a minor impact on densification. Without the use of sintering
aids (Fig. 1b), numerous voids are present, and crystal growth is
limited. The samples with sintering aids (Fig. 1c—e) show well-
densified microstructures with enhanced grain growth and
very few pores (average grain size data, see ESI Fig. S41). There is
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a distinct difference in microstructure between those with
Na,CO; and B,0; added separately (Fig. 1c and d) and that with
Na,B,0, added directly (Fig. 1e). The former samples exhibit
a macroscopically uniform appearance, while the latter display
dark-contrast aggregates, suggesting they are amorphous
aggregates composed of lighter elements. These aggregates are
enriched with the Na,B,0, component, indicating poor wetting
with the host crystalline phase. In the case of the separate NB,
addition, CO, is expected to be released during sintering,
resulting in a composition similar to Na,B,0,; however, the
microstructure differs significantly. This suggests that the
separate addition and in situ reaction are significant for
enhancing wetting properties.

Electrical conductivity in the prepared samples was
measured using electrochemical impedance spectroscopy (EIS).
Nyquist plots for NZSP-10N,B, NZS, 35P-10N,B, and NZAS, 35P-
10N,B at —40 °C were fitted by an equivalent circuit model,
identifying bulk and grain boundary resistances (Fig. 2a).
Notably, the grain boundary resistance in NZAS, 3;5P-10N,B
decreased with increasing temperature, becoming negligible at
25 °C (Fig. 2b). DC polarization measurements at 25 °C (ESI
Fig. S51) revealed very low partial electronic conductivities. For
instance, the electronic conductivity in NZAS, 35P-10N,B was
approximately five orders of magnitude lower than the total
conductivity, confirming its pure Na" ion conducting nature.

The conductivity (¢)-temperature (7) relationship followed
Arrhenius behavior with activation energies (E,) ranging from
0.27 to 0.31 eV (Fig. 2¢). The value of E, and the pre-exponential
factor (o,) indicated in the figure were estimated from the
equation oT = o, exp(—E,/kgT), where kg is the Boltzmann
constant. NZAS, ;sP-based samples with varying N,B content
exhibited a peak conductivity of 4.1 x 107> S cm " at 10 wt%
N,B (Fig. 2d), while conductivity significantly dropped to 4.2 x

Fig. 3 STEM analyses for the cross section of HCS-NAS; 35P-10N,B composite electrode (upper side) on NAS; 35P-10N,B ceramic substrate
(lower side). (a) High-angle annular dark-field (HAADF) image; and (b—h) elemental distribution maps obtained by EDS for (b) composite of C
(red), Na (green) and O (blue), (c) C, (d) Na, (e) AL (f) Zr, (g) Zr, and (h) O K-line signals.
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107° S em ! without the sintering aid. All NZAS, ;5P-based

samples containing 10 wt% of additives with different Na,CO;
and B,0O; ratios showed improved -conductivity, with
a maximum value of 4.5 x 107> S em ' for the 1:1 ratio
(Fig. 2e). It is noted that the conductivity in NZAS, ;sP-
10Na,B,0, was lower than that of NZAS, ;5P-10NB,. Thus,
a homogeneous microstructure as well as grain growth are
essential for reducing grain boundary resistivity. Additionally,
the base chemical composition also plays a decisive role in
conductivity, impacting both bulk and grain boundary proper-
ties as discussed in our previous paper.?

A spherical-shaped hard carbon (hard carbon sphere, HCS)

powder with particle sizes ranging from 0.4 to 0.6 pum was
prepared from a hydrothermally synthesized resorcinol-
formaldehyde (RF)-gel precursor, followed by a calcination in
an N, atmosphere.*® This electrode material delivered 272 mA h
g~ at room temperature and at the rate of 100 mA g '
a liquid electrolyte cell (ESI Fig. S6T). The HCS powder is
investigated as a potential negative electrode material for in an
ASSB. A composite electrode layer, consisting of HCS and
NZAS, 35P-10N,B with weight ratio of 3:4, corresponding to
a volume ratio of approximately 6:5, was formed by spin
coating onto an NZAS,;sP-10N,B ceramic substrate and
subsequently heated at 900 °C in an N, atmosphere to consol-
idate the coating layer. After sintering, the thick film was
mechanically strong enough to adhere to the electrolyte
substrate (ESI Fig. S71). Preservation of the NASICON phase was
confirmed by XRD (ESI Fig. S27).

Fig. 3 presents the scanning transmission electron micros-
copy (STEM) and energy-dispersive X-ray spectroscopy (EDS)
analysis of cross-section of HCS-NZAS, ;5P-10N,B|NZAS, ;5P-
10N,B junction. The composite electrode layer, approximately
4-5 pm in thickness, exhibit a partially aggregated distribution
of HCS with NZSP-based electrolyte and voids. The interfacial
regions are well densified, forming close and intimate junc-
tions. Areas with electrolyte particle aggregation are also
densified, while voids are observed in regions lacking sufficient
electrolyte, supporting that the NZAS, ;5P-10N,B components
serve as a ‘binder’ for the HCS.

The EDS maps (Fig. 3b-h) reveal that the region surrounding
HCS enriched with Na and O components. This material
appears to have excellent wettability with the HCS and is likely
attributed to the solidified sodium borate-based phase, where B
atoms are undetectable by EDS. Closer observation reveals that
the interfacial layer surrounding the HCS contains not only Si
and Al but also Zr, although P could not be sufficiently distin-
guished from Zr by EDS (ESI Fig. S87). This suggests a process
involving the dissolution and precipitation of NZAS, ;5P
components via a liquid phase during sintering. In contrast, Al
is preferentially segregated at the grain boundaries and triple
junctions of the NZAS,;sP crystals, giving these regions
a different chemical identity from the that around the HCS (ESI
Fig. S81). This leads to the assumption that, as the sintering
progresses, the residual sodium borate-based liquid phase are
expelled from the electrolyte region and accumulated around
the HCS. Resultant Na-rich interfacial layer is expected to
mediate Na diffusion during battery operation.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Electrochemical properties in a half cell of Na|NZAS; 35P-
10N,B|HCS-NZAS; 35P-10N,B  composite electrode at 25 °C. (a)
Charge—discharge curves of selected cycles measured at a current
density of 6 pA cm™2, corresponding to 20 mA g2, in cut-off voltage
ranges from 0.01 to 2.5 V; (b) electrochemical capacities and
coulombic efficiency for discharge cycles; (c) rate performances and
coulombic efficiency at various current densities ranging from 10 to
200 mA gL,

The electrochemical properties of the composite electrode
formed on the electrolyte substrate were investigated in a half-
cell configuration with a metallic Na counter electrode. Fig. 4a
presents the charge and discharge curves measured at a current
density of 20 mA g~ *. The curves exhibit a characteristic sloping
region above ~0.1 V and plateau region between 0.01 and 0.1V,
similar to those observed in liquid electrolyte systems.?®?*2%27
The first sodiation and desodiation capacities are 330 and
220 mA h g7, respectively, based on the weight of HCS, with an
initial coulombic efficiency of 66%. The observed irreversibility
during the initial cycles in the solid-state system remains a topic
for future investigation. In subsequent cycles, the discharge
capacity gradually decreases to 140 mA h g~ ', while the
coulombic efficiency improves to over 99% (Fig. 4b). The EIS
before and after 80 cycles showed no significant changes in
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resistance associated with the electrolyte-electrode interface,
and the low-frequency response, related to diffusion in the
composite electrode, exhibited a small decrease in capacitance
and resistance, likely relating to the change in electrochemical
properties of HCSs (ESI Fig. S97). Fig. 4c shows the results of
rate-dependent capacity measurements, the cell delivers
140 mA h g~ * at a high current density of 200 mA g~ *. When the
current density is reduced back to 10 mA g, the cell recovers
a capacity of 180 mA h g, overall substantiating stable inter-
face formation and efficient Na® ion transport between the
composite electrode and the electrolyte.

Conclusions

In summary, we demonstrated that the addition of (optimally
10 wt%) mixture of Na,CO; and B,0; to NASICON-based
materials may produce highly conductive Na* ion solid elec-
trolyte, achieving a maximum conductivity of 4.5 x 107> S em ™"
at 25 °C, with a reduced sintering temperature of 900 °C. A
composite electrode, consisting of hard carbon spheres (HCS)
and NZAS, 3;sP-10N,B, was fabricated by consolidating the
mixture through heating at 900 °C in an N, atmosphere. Elec-
trochemical testing revealed initial charge and discharge
capacities of 330 and 220 mA h g™, respectively, followed by
a gradual decrease in capacities to 140 mA h g~ " and improved
coulombic efficiency over successive cycles. These results
highlight the successful electrochemically active integration of
HCS with a NZSP-based electrolyte without the need for organic
or liquid additives, representing an advancement toward the
development of oxide-based Na ASSB.
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